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S  U  M-M  ARY 

Tiie  present  report  confined  to  the  problem  of  a  free  air  jet  is  divided 
into  three  parts. 

In  the  first  part  the  author  develops  a  theory  of  a  free  air  Jet  which 
covers  the  cases  oi  a  plane  flow  and  of  an  axially  symmetrical  one  (a  circu¬ 
lar  jet).  The  analysis  is  based  on  the  Prandtl-Tollmlen  law  of  free  turbulence. 
The  theory  of  a  free  Jet  allows  to  determine  the  form  of  the  flow  and  the 
distribution  laws  for  velocity,  temperature  and  those  for  concentration  of  gas 
admixtures  both  across  aftd  along  the  flow. 

In  the  second  part  a  method,  of  an  aerodynamical  design  of  free 
jets  both  plane  and  circular  is  deveioped.  This  method  allows  to  determine 
the  laws  of  variation  of  the  mean  velocity,  the  discharge  and  the  energy 
along  the  free  jet. 

The  third  part  is  confined  to  the  problem  of  technical  applications  of  the 
free  jet  theory;  the  following  problems  are  considered: 

1)  The  design  of  an  air  screen, 

2)  The  resistance  of  the  labyrinth  packing  of  turbo  machines  (blowers, 
compressors,  pumps  etc.), 

3)  The  external  resistance  of  pipe  coolers, 

4)  The  deflection  of  jets,  the  temperature  of  which  differs  from  that  of 
the  surrounding  medium. 

The  developed  theory  and  the  method  of  calculation  applied  are  in  good 
agreement  with  the  experiment. 

The  main  feature  of  the  present  investigation  is  the  use  of  one  expe¬ 
rimental  constant  only  namely  that  of  the  PrandtI-Tollmien  free  turbulence 
theory. 
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PREFACE. 

As  the  first  application/appendix  of  Prandtl  theory  of  "mixing 
length"  -  this  basis  of  the  ccntemporary  theories  of  turbulence,  as 
is  known,  served  free  liquid  jet  in  the  flooded  space.  The  given 
mainly  by  Prandtl  himself  and  the  developed  further  by  Tollmien  free 
boundaries  theory  led  tc  the  sc/such  bright  coincidence  with  the 
experimental  materials,  that  further  development  of  the  idea  of 
"mixing  length"  with  already  this  fact  was  provided. 

It  is  necessary  to  say  that  in  spite  of  the  obvious  practical 
importance  of  the  theory  cf  jet  in  questions  of  ventilation  and  heat 
engineering  and  extreme  theoretical  simplicity  of  analysis,  the 
engineers  did  not  catch  this  theory  and  they  continued  to  remain 
during  the  usual  hydraulic  ccrs  ir actions,  supported  only  by  new 
empirical  data.  As  basic  reason  this  served,  apparently  certain 
sketchiness  of  the  thecry  of  the  jet  cf  Prandtl-Tollmien,  which  does 
r.ot  consider  the  role  of  the  Initial  diameter  of  jet  so/such 
important  in  the  short  jets. 

To  G.  N.  Abramovich  belcrgs  the  large  and  serious  services  cf 
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the  general5.zati.cn  of  the  thecry  of  Prandtl-Tol  *ain  to  the  case  cf 
the  jet  of  final  diameter  at  the  output  and  the  settings  and  the 
solutions  of  the  problem  afccut  the  initial  section  of  jet. 

After  noting  the  experimental  fact  of  the  similarity  of  the 
velocity  profile  in  the  disturbed  part  of  the  initial  section  to  the 
velocity  profile  in  basic  part  cf  the  jet,  it  extremely  in  detail  and 
methodically  studied  the  behavicr  of  jet  taking  into  account  to  the 
role  of  initial  section.  Using  in  basic  the  same  mathematical  method, 
as  Prandtl- Tollmien,  Eng.  Abramcvich  leads  all  his 

linings/calculations  to  such  development,  that  they  make  it  possible 
for  it  to  give  the  complete  aerodynamic  crew  of  jet  and  to  stop  at 
the  surprisingly  interesting  acd  new  applications  of  theory  of  jet  to 
the  series/row  of  engineering  guestions. 

Are  such  the  given  by  G.  N.  Abramovich  calculations  of 
resistance  of  labyrinth  seals,  bank  of  tubes  and  finally  the  proposed 
to  them  theory  cf  air  curtain. 

All  these  questions,  until  now,  underwent  no  serious 
investigations.  Contemporary  ventilation  engineer,  who  carries  out 
questions  of  wair  curtains”  greatly  much  relies  on  his  art  and 
intuition.  G.  W.  Abramovich’s  wcrk  offers  the  possibility  to  replace 
with  rational  calculation  the  ucsteady  bases  of  hydraulic 


DOC  =  8103  7601 


PAG  E 


c 


estimations.  If  the  wide  circles  of  our  engineers  find  possible  sore 
closely  to  become  acquainted  with  G.  N.  Abramovich’s  works,  then  they 
doubtlessly  strongly  enrich  tie  it  practical  knowledge  by  the 
combining  theory. 

The  object/subject  of  the  experiment  of  G,  N.  Abramovich  is  so 
manifold  and  complex  that  it  is  certainly  necessary  to  even  during 
numerous  commercial  tests  check  the  correctness  of  the  proposed  to 
them  calculations,  but  already  and  those  checkings  which  are  given  by 
the  author  for  the  elongaticn/extent  of  his  work,  they  make  it 
necessary  to  think  that  author’s  path  is  correct. 

The  theory  of  air  curtain  includes  a  comparatively  primitive 
assumption  about  the  simple  superposition  cf  two  flows  of  different 
structure. 

Page  4. 

This,  of  course,  most  approximate  construction,  but  is  difficult  to 
recommend  to  the  author  anythirg  another  in  this  extremely 
complicated  question.  If  experiment  shows  sufficient  agreement  with 
the  calculation,  produced  on  this  basis/base,  then  this 
approximation/approach  to  obtain  the  wide  rights  of  citizenship.  In 
the  ideal  fluid  theory  the  assumption  about  the  imposition  of  flews 
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is  made  constantly. 

G.  N.  Abramovich's  vcrk  doubtlessly  is  among  distinct  works  on 
applied  aerodynamics.  It  it  is  necessary  immediately  to  publish  and 
to  attain  vide  acceptance  in  tc  the  circle  of  those,  vho  vcrk  in  the 
area  of  ventilation  technology.  The  criticism  of  these  persons  vill 
be  extremely  useful  for  checking  author's  basic  assumptions,  made  in 
his  calculations. 


Active  member  of  TsAGI,  Prof.  Dr.  Loytsyanskiy 
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INTRODUCTION. 

It  is  univarsally-adcpted  engineering  aerodynamics  to  subdivide 
into  twc  divisions.  The  first  of  then  covers  the  so-called  "exterior 
problem"  -  the  problea  of  interaction  of  solid  body  and  air  flew, 
which  flows  around  about  the  this  body. 

The  second  describes  "internal  problem"  -  the  problem  about  air 
motion  in  the  space,  bounded  by  solid  walls  (motion  in  the 
conduit/manifold)  . 

The  division  indicated  is  very  convenient  and  demonstrative,  but 
unfortunately  not  completely  cc iprehensive.  The  fact  is  that  the 
contemporary  technology,  in  particular  in  the  latter/last  5-10  years, 
gave  rise  to  many  aerodynamic  problems  which  either  partly  or  wholly 
cannot  be  related  either  to  "eiternal"  or  to  the  "internal"  problems. 
Are  such  the  questions: 

1)  the  propagation  of  warm  and  cold  air  jets  in  the  production 


locations; 
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2)  calculation  and  the  design  of  "air  showers”  for  metallurgical 


plants; 


3)  calculation  and  the  ccnstruction  of  the  "air  curtains”,  which 
prevent  invasion  of  cold  cr  contaminated  air  masses  in  the  industrial 
bui ldings ; 


4)  the  calculation  of  cper  wind-tunnel  test  section; 


5)  the  calculation  of  the  labyrinth  seals  of  air  blowers; 


6)  resistance  of  tubular  heat  exchangers  and  many  others. 


The  general/coamon/t ctal  feature  of  the  enumerated  questions  is 
the  fact  that  they  all  are  directly  connected  with  the  problem  about 
the  propagation  of  free  jet  in  the  space,  filled  with  the  medium  of 
the  same  physical  properties,  as  the  substance  cf  jet.  In  this  case 
the  first  four  questions  it,  is  ret  completely  connected  with  the 
problems  about  relative  air  motion  and  solid  body.  The  fifth  question 
can  be  to  the  identical  degree  related  both  to  the  "internal  problem" 
and  to  the  "problem  about  the  free  jet".  The  sixth  question  is 
confected  in  the  equal  measure  with  all  three  problems. 


The  given  far  incomplete  enumeration  cf  the  questions  of 
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engineering  aerodynamics,  connected  with  the  problem  of  free  jet, 
testifies  abeut  the  large  urgency  of  this  problem. 

It  is  logical  therefore  that  a  whole  series  of  aerodynaaicists 
was  occupied  by  its  study.  ?irst  serious  work  in  this  region  was 
published  in  1915.  Its  author  -  Dr. -Engineer  T.  Truepel  - 
investigated  the  experimentally  velocity  fields  of  airstreaa,  which 
escape/ensued  from  the  nczzle  irtc  large-size  airspace1. 

PQOTNOTE  >.  The  detailed  bibliographical  directory  of  the  enumerated 
works  is  given  at  the  end  of  cur  article.  ENDFOCTNOTE- 

The  following  large  experimental  investigation  of  free  jet  produced 
in  1921  v.  zimm.  The  very  interesting  experimental  investigation  of 
air  jet  is  published  in  1927  ir  the  second  collector/collection  of 
the  Goettingen  aerodynamic  irstitute. 

In  1933,  1934  and  1935  were  published,  which  relate  the  same 
question,  the  works  of  Buden,  Fcertmann,  Ccuette,  Turkus  and 
Predvoditelev. 

Page  6. 

In  1936  appeared  on  the  rights/lavs  of  the  manuscript  the  report  of 
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Lyakhovskiy  and  Syrkin  which  Measured  in  the  jet  not  only  the 
high-speed/high-velocity,  but  also  the  temperature  fields. 

All  these  investigations  made  it  possible  to  cone  to 
light/detect/expose  experinentally  soae  basic  laws  governing  the 
course  of  free  jet.  However*  being  purely  empirical1,  these  works 
possessed  neither  completeness  ncr  generality. 

FOOTNOTE  1 .  Exception/elininaticn  is  only  Couette's  article,  in  which 
sone  laws  governing  the  jet  are  determined  theoretically. 

ENDPOOTNOTE. 

Neanwhila  in  1925/26  appeared  the  remarkable  transactions  of  Pracdtl 
and  Tollaien,  who  developed  the  thecry  of  free  turbulence 
(Freiturbulenz) ,  which  gives  the  possibility  to  come  to 
light/detect/expose  all  basic  properties  of  jet. 

Based  on  it,  we  developed  in  1934  the  new  method  of  the 
aerodynamic  design  of  open  wird-tunnel  test  section2. 

FOOTNOTE  2.  See  G.  N.  Abramovich.  Aerodynamics  of  flow  in  open 
wind-tunnel  test  section.  Pt.  I  and  II.  Transactions  of  TsAGI,  iss. 
223,  236.  1935.  ENDFOOTNOTE. 
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Also  based  on  it  is  the  set-fcrth  below  free  boundaries  theory. 

Besides  the  general  theory,  this  work  contains  the  aerodynamic 
design  of  circular  and  flat/plane  free  jets,  and  alsc  the  series/row 
of  the  engineering  applicaticis/a ppendices  of  this  theory 
(calculation  of  trajectory  of  wara  jet,  the  calculation  of  air 
curtain,  the  calculation  of  labyrinth  seal,  the  calculation  of 
resistance  of  heat  exchanger) . 
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Page  7. 

Part  I. 

THEORY  OF  JET. 

§1.  Jet  structure. 

Jet  is  called  free  and  flccded,  if  it  is  unconfined  by  solid 
walls  and  is  spread  in  the  space,  filled  with  the  medium  cf  the  same 
physical  properties,  as  the  substance  of  jet. 

The  mechanism  of  f ormaiicn/educatioa  and  propagation  of 
turbulent  free  jet1,  which  esca {e/ensues  from  any  nozzle  into  the 
unlimited  flooded  space,  has  tbs  following  basic  features! 

FOOTNOTE  l.  A  question  about  the  laminar  jet  as  less  urgent/actual, 
we  leave  aside.  ENDFOOTNOTE. 

1.  Jet  is  turbulent;  therefore  its  course  is  accompanied  by 
mixing  current  cf  motion  cf  eddy  masses  (mcles) .  The  latter  with 
their  lateral  motion  fall  beycnd  the  limits  of  jet,  they  transfer 
into  the  contacting  with  the  jet  layers  of  stagnant  air  their 
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iapulse/moaentum/pulse  they  carry  along  these  layers.  In  the  place  of 
the  particles,  re jected/t hrcwr  cut  from  the  jet,  into  it  penetrate 
the  particles  of  surrounding  air  which  will  slow  the  boundary  layers 
of  flow,  so  is  established  the  exchange  of  the 

impulses/momenta/pulses  between  the  jet  and  the  stagnant  air,  as  a 
result  of  which  the  flow  mass  increases,  the  width  of  jet  increases, 
speed  at  the  jet  boundaries  decreases. 

2.  Slightly  braked  particles  of  active  flow  together  with 
absorbed  particles  of  surrounding  air  fora  turbulent  boundary  layer 
of  jet  whose  thickness  in  direction  of  course  grows/rises.  If  in  the 
exhaust  section  of  nozzle  occurs  the  even  distribution  of  speeds2, 
then  in  the  beginning  of  jet  boundary  layer  thickness  is  equal  to 
zero. 

FOOTNOTE  2.  That  developed/prccessed  in  the  present  work  theory  of 
jet  is  constructed  relative  tc  this  case.  However,  will  be  indicated 
below  the  corrections,  which  sbculd  be  introduced  in  the  case  of 
nonuniform  velocity  field  in  the  exhaust  section  cf  nozzle. 
ENDFOOTNOTE. 

In  this  case  the  boundaries  of  boundary  layer  are  the  divergent 
surfaces,  which  intersect  at  the  edge  of  nczzle  (Fig.  1)  . 

From  the  outer  side  the  boundary  layer  of  jet  makes  contact  with 


the  stagnant  air 
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Pig.  1.  Propagation  of  free  jet. 

Page  8. 

Moreover  by  outer  edge  is  understood  the  surface,  at  all  points  of 
vhich  longitudinal  (axial)  ccipcnent  of  the  speed  is  equal  to  zero1 
(u=0) . 

FOOTNOTE  *,  Transverse  coapcnent  of  speed  (V)  here  cannot  be  equal  to 
zero,  since  due  to  it  occurs  increase  of  Bass  of  jet.  ENDFOOTNOTE. 

From  inside  the  boundary  layer  converts/transfers  into  the  nucleus  of 
constant  velocities.  Thus,  on  the  internal  boundary  of  boundary  layer 
speed  is  equal  to  the  speed  cf  the  undisturbed  flow,  or,  which  is  the 
sase  thing,  discharge  velccity  (a-u0) • 

In  proportion  to  reacval/d istance  free  the  nozzle,  together  with 
the  thickening  of  the  boundary  layer,  occurs  contraction  cf  the 
nucleus  of  constant  velocities.  This  process  leads  to  the  fact  that 
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finally  the  nucleus  of  the  undisturbed  flew  disappears  entirely. 

Subsequently  the  section  cf  jet  the  boundary  layer  fills  already 
all  cross  section,  stretching  up  to  the  axis  of  flow.  Further  erosion 
of  flow  is  accompanied  not  only  by  an  increase  in  the  width  of  jet, 
but  also  by  the  incidence/drop  in  the  speed  on  its  axis. 

Jet  cross-sectional  area,  in  which  is  completed  the  liquidation 
cf  the  nucleus  of  constant  velocities,  we  will  name/call  transient. 
The  section,  situated  between  initial  and  transient  jet 
cross-sectionals  area,  let  us  name/call  initial.  The  section,  which 
fellows  after  the  transient  section,  we  will  name  basis.  Finally  to 
t h °  point  of  intersection  cf  external  jet  boundaries  let  us 
appropriate  the  designation  of  the  pole  of  jet.  The  described 
properties  and  the  configurations  of  jet  clearly  demonstrates  Fig.  2. 


f 
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Fig.  2.  the  diagram  of  free  jet. 

Key:  (1).  Pole  of  jet.  (2).  Initial  section.  (3).  Boundary.  (4). 
Initial  section.  (5).  Transient  section.  (6).  Basic  section. 

Page  9. 

3.  Pressure  in  jet  is  ccnstant/invariable  and  it  is  equal  tc 
pressure  in  surrounding  space.  Therefora  the  complete  momentum  of  the 
mass  flow  per  second  of  air  in  ell  jet  cross-sectionals  area  must 
remain  one  and  the  same. 

pressure  constancy  leads  tc  the  fact  that  in  the  jet  act  only 
the  forces  of  internal  fricticn.  The  theory  of  the  turbulent  flow  of 
Prandtl  gives  for  friction  stresses  the  following  dependence: 

.r.  '"T-  <j> 

tty 

Here  r  -  friction  stress; 

p  -  air  density; 

1  -  the  average  value  of  the  sixing  length  (free  path)  of  the 
particles  of  the  air  in  this  place  of  flow; 

^  -  the  transverse  gradient  cf  the  longitudinal  component  of  speed. 
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In  application  to  free  jet  Prandtl  recommends  the  counting  of 
nixing  length  by  constant  for  this  section  of  flow  and  proportional 

to  rsmoval/distance  fron  the  beginning  of  the  jet: 

!  —  cx.  (2) 

Here  c  -  constant  which  proves  to  be  the  only  experimental  constant 
of  the  theory  of  jet. 

Comparison  of  equalities  (1)  and  (2)  gives  the  possibility  to 
compose  the  formula  of  fcicticn  cf  the  free  jet: 


4.  Temperature  and  air  density  cf  jet  must  be  considered  equal 
to  temperature  and  to  density  of  surrounding  air.  In  this  case  on  the 
jet  will  not  act  Archimedes  lifting  forces  and  its  axis  will  remain 
rectilinear1 . 

FOOTNOTE  1 .  Subsequently  will  te  studied  also  the  case  of  the  jet  of 
variable/alternating  density  (curvilinear  jet).  EHDFCOTNOTE. 

After  becoming  acquainted  with  the  basic  physical  properties  of 
jet,  let  us  pass  to  the  presentation  of  the  theory  of  jet;  in  this 
case  the  basic  and  initial  sections  of  jet  let  us  examine  separately. 
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§2.  Prerequisites/premises  cf  the  study  of  the  basic  section  of  jet. 

Fig.  3  gives  the  distribution  curves  of  the  speeds  in  different 
sections  of  the  basic  secticn  cf  the  circular  air  jet  of  Truepel*. 


FOOTNOTE  •)  T.  T’rapel.  L’ber  die  Einwirkung  eines  Luftstrahles  ,iuf  die  umgebetide  Luft.  Zeitschrifi 
(nr  das  gescmte  Turbiiwnwesen.  .n»  19 IS 

END FOOTNOTE. 

The  initial  velocity  of  jet  was  equal  to  u„=87  m/s.  A  radius  of 
initial  jet  cross-sectional  area  was  Ro=0.045  m.  Velocity  fields  were 
removed /taken  ccnsecutively/ser ially  to  the  following  distances  from 
the  nozzle: 

S,  --  0,6  m-  S.  =  0,8  -S'.  =  1,0  .if;  .S'.  =  1.2  5,  =  1,6  m. 

Experiments  of  Truepel  just  as  the  investigation  of  other 
authors,  testify  about  the  ccrtinucus  deformation  of  the 
high-speed/high-velocity  prcf ile/airfoil  of  jet.  The  further  from  the 
beginning  of  jet  selected  the  section,  that  "lower"  and  "is  wider" 
high-speed/high-velocity  prcf i le/airfoil. 

To  this  conclusion/out  put  we  come  during  the  construction  of 
velocity  fields  in  the  absolute  coordinates  (u,  y) .  Others  and  with 
that  much  more  interesting  results  are  obtained  during  the  deposition 
of  the  same  fields  in  the  relative  coordinates. 


i 

, 
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Let  us  try,  for  exaaple,  tc  plot  instead  of  the  absolute 
velocities  -  u  of  their  relation  to  the  speeds  cn  the  axis  of  jet  - 
and  instead  of  the  absolute  distances  from  the  axis  of  jet  -  y 
of  their  relation  to  the  distances  from  the  axis  to  such  points  in 
which  the  speed  is  equal  to  half  cf  axial  -  — (Pig.  4)  . 

y  um 

The  obtained  diagraa  indicates  the  complete  siailarity  the 
high-speed/high-velocity  ones  of  fields  in  all  sections  of  the  basic 
section  of  jet. 


Fig.  3.  Velocity  fields  in  different  sections  of  circular  jet 
according  to  experiments  cf  Tiuepel. 
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Fig.  4.  Belative  fields  of  circular  jet. 
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This  similarity  consists  in  the  fact  that  at  congruent  points  of  any 
two  sections  of  the  basic  secticn  cf  jet  relative  values  of  speeds 
and  velocity  gradients  are  identical.  It  is  logical  that  instead  of 

the  characteristic  length  it  is  possible  tc  take  not  cnly  ,  but 

2 

also,  for  example,  the  width  cf  jet  -  b.  In  this  case  for  congruent 


points  of  jet  (when 
dependences: 


we  attain  the  following  characteristic 


<>(-“-)  (  i:ia' 
\  Um  U 
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At  congruent  points  c£  kinematically  siailar  turbulent  flows 
must  be  equal  the  criteria  cf  dynamic  siailarity  -  Euler’s  criterion. 


The  re fore 


P-u -  a • u\ 


After  replacing  r,  and  r2  according  to  aquation  (1),  we  find: 


From  expressions  (3a)  we  ha*e: 


-  rt 


ml 

yy  u  V  d-v  J.  ",i  '  v 


Finally,  comparing  expressions  (4a)  and  (4b),  we  coae  to  the 
extreaely  important  conclusion  about  equality  relative  values  of 
nixing  length  in  all  sections  cf  the  jet: 

-c~—  -{*-  =idem.  1 5) 

It  is  interesting  to  note  that  the  comparison  of  equalities  (2) 
and  (5)  indicates  the  mutual  jrcFCrtionality  of  the  width  of  jet  and 
distance  frca  the  origin  of  the  coordinates: 

b  —  kx.  .  U5) 


'I,  v 


(6) 
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With  x=0  the  width  of  jet  is  also  equal  to  zero  (t=0).  Therefore, 
placing  the  origin  of  coordinates  into  the  pole  of  jet,  we  note  that 

the  flow  in  the  basic  section  behaves  as  if  jet  is  created  with  the 

peculiar  turbulent  source,  arranged/located  in  the  beginning  of 
coordinates  (in  the  pole  cf  jet).  Using  this  schematic  of  course,  we 
will  be  able  to  study  flow  in  the  entire  region  of  the  basic  section 

of  jet.  However,  the  initial  part  of  the  source  which  is 

arranged/located  between  the  pole  and  the  transient  section,  must  be 
rejected/thrown  and  the  replacesent  by  the  initial  section  of  jet. 

Page  12. 

The  turbulent  source  indicated,  and  consequently  also  the  basic 
section  of  jet,  possesses  cne  very  intrinsic  property  which  consists 
in  the  fact  that  along  any  rectilinear  ray/beae,  directed  froe  the 
pole  and  lying  within  the  lieits  of  jet,  the  relative  speed  of  flew 
retains  the  constant  value: 


In  other  words,  congruent  pcirts  of  the  basic  section  of  jet  lie/rest 
on  one  ray/beam  (Fig.  5). 

This  property  not  difficult  to  reveal/detect,  if  to  coapare  the 
geoaetri.c  determination  of  congruent  points  (y/t=const)  with  equation 
6  (b/x=const)  . 


Pig.  5.  Rays/beaas  of  the  constant  velocities  of  the  basic  section  of 
free  jet. 

Key:  (1).  pole.  (2).  jet.  (3).  Initial  section.  (4).  Transient 
section.  (5).  Basic  section. 
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Fig.  6.  Velocity  fields  in  different  sections  of  plane  of  jet 
according  to  experiments  cf  Fcextaann. 
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Being  based  on  it  and  taking  into  account  that  the  speed  on  the  axis 
can  depend  only  on  abscissa  =  ve  c^tain  in  general  fora  the 

law  of  the  speeds  of  the  basic  section  of  the  jet: 

"  =  H(.v)./  (  y  y  1  *  ' 

The  obtained  conclusicn/cutput,  ahich  rest  like  the  velocity 
fields  in  all  sections,  basic  saction,  are  valid  not  only  for  the 
circular  jet.  In  the  equal  measure  they  relate  also  to  the  slot  jet. 


l-*| 


A***  ■  «■■■<* 


»-  •  V" 


v  't 
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In  order  to  be  convinced  c £  this,  it  suffices  to  examine  the  results 
of  experiaents  cf  Foertmann*. 

FOOTNOTF  4  .  E.  For  tin  a  nn  .L'ber  turbulente  Strahlausbreitune*.  Ingenieur-Archiv  Bd.  V  H. 

1934  r. 

ENDFOOTHOTE • 

Last  was  studied  the  velocity  fields  of  the  slot  jet,  which 
escape/ensued  from  the  cpeninc/aperture  in  narrow  fitting  with  a 
width  of  0,03  a  and  by  length  0.65  a.  This  jet  velocity  was  equal  to 
35  a/s.  In  Fig.  6  are  plotted  the  velocity  fields,  taken/reaoved  in 
jet  cross-sectionals  area  which  are  distant  froa  the  nozzle  up  tc  the 
distances: 

.S',  =  0  MX  .S’..  =  0.20  m;  £.  =  0,35  5,  =  0,50  m:  £  =  0,623  .S'  -0,7'.'  m. 

Being  they  are  transferred  into  the  relative  coordinates  (the 
sane  as  for  experiments  of  Treepel)  these  fields,  just  as  in  the  case 
of  slot  jet,  they  prove  tc  be  similar  (Fig.  7). 

Thus,  in  the  main  secticn  cf  slot  jet  (as  in  the  circular  jet) 
flow  also  as  is  created  with  the  turbulent  source,  placed  in  the  pole 
of  jet.  The  corresponding  turbulent  sources  (circular  source  -  point 
and  flat/plane  source  -  line)  are  studied  by  W.  Tollmien  in  his 
remarkable  research  on  free  turbulence2. 
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FOOTNOTE  *•  W.  Toll  mien.  Borechming  turbulenUr  Ansbreitung-ivorgange.  /  A  M  M  ly.,;  : 
rnl.  6  Heft  6. 

ENDFOOTNOTE. 

To  the  selection/analysis  of  the  theory  of  Tollaien  on  basis  of  which 
is  constructed  aerodynaaics  of  the  basic  section  cf  jet,  we  will  pass 
subsequently  the  paragraph  cf  cur  work* 

In  order  to  make  theory  cf  Tollaien  as  widely  available  as 
possible,  we  will  set  forth  it  in  scaewhat  sore  detail  than  this  Bade 
author  hiaself. 


J 


Pig.  7.  The  relocity  fields  cf  slot  jet  in  the  relative  coordinates. 
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§3.  Turbulent  source  of  slot  jet. 

Let  us  exaaine  the  free  flee  which  is  foraed  during  the 
discharge  of  the  air  through  the  narrow  rectilinear  slot  in  the  wall 
(Pig.  8)  .  Axis  x  consistent  with  the  axis  cf  jet,  y  axis  it  is 
directed  perpendicularly  tc  slct,  the  origin  of  coordinates  let  us 
place  directly  into  the  slct. 

pressure  in  the  jet  is  ccnstant/invariable;  therefore  the 
coaplete  aomentum  of  mass  flew  per  second  aust  reaain  the  constant: 

-h  at 

I  a3dfy  =  const. 
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Poc  studying  the  jet  we  will  use  coordinates  -  x; 


y_ 

x 


The  longitudinal  velocity  in  this  coordinate  systea  is  equal 
[see  equality  (8)]: 

u  =  H(.x)-/(^,  ^9) 

whence  t® 

^(x)-x- j  f'  =  const. 

—  X 

In  turn: 

~  00 

J  f*  (t)  •  dr,  =  const 

—  0D 

Therefore  speed  on  the  axis  of  jet  (uj  is  inversely  proportional  to 
square  root  of  the  abscissa: 


„.  =  «(,)=J22«=  »_ 

v  *  V  x 


(10) 


However,  the  longitudinal  speed  at  the  arbitrary  point  of  jet 
coaprises: 

ttssT*T‘/W-  (1!) 

r  * 

Let  us  introduce  the  function  cf  current  y. 
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Fig.  8.  Turbulent  source  cf  slot  jet. 
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As  is  known,  its  partial  derivatives  are  equal  to  the 
longitudinal  and  transverse  components  of  the  speed: 


a  — 


dx 


The  function  of  current  will  te  determined  from  expression  (11) 

■'j  —  |  u ■  dy  —  n-\  x  ■  \  f  (0 ■  d\ 


After  accepting  the  following  designation: 

i  f  —  F (tj. 

we  will  obtain  new  expressions  for  functioning  the  current  and 
component  of  speed. 


DOC  =  81037601 


The  function  of  current  is  equal  to: 

y  =  n-l  x  ■  F(rt).  (12) 

Longitudinal  component  of  the  speed: 

U  =  ~^=-F'(  r,).  (13) 

I  X 

Transverse  component  of  the  speed: 


o-li  _ _ n 

OX  ~~  T  A 


ri ■F'(ri)  —  -2  F  (t() 


(14) 


The  basic  problem  c£  the  i rvestigation  of  flat/plane  turbulent 
source  must  consist  of  finding  cf  function  F(r,).  The  solution  of  this 
problem  proves  to  be  possible  tilth  the  aid  of  the  theorem  of 
momentum.  Let  us  isolate  fct  this  purpose  in  Pig.  8  control  surface 
and  let  us  examine  momentum  balance  within  it.  Through  the  lower  part 
of  this  surface  is  transferred  second-by-second  certain  momentum: 


p-uv-dx1). 

POOTHOTE  4.  The  length  of  surface  along  the  perpendicular  to  the 
plane  of  drawing  we  consider  equal  to  unity.  ENDFCOTNOTE. 


Along  other  side  of  control  surface  is  observed  a  change  in  the 
momentum: 

00 

—  d  i  z-  u- ■  ay. 

V 

As  force  serves  shearing  turbulent  stress  [see  equation  (3) 


After  some  elementary  conversions  we  obtain  momentum  equation  in  the 
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following  fora: 

U'V~{-X  J'  =  0.  (15) 

Re  utilize  now  dependences  (13)  and  (14)  for  the  aodification  of 

equation  (15),  atteapting  tc  turn  it  into  the  differential  equation 
of  function  F(t,). 


We  will  obtain: 


1 


I  •  rfv  =  —  ~-l.w(r,)ls-Ti; 


«  •  *  =  '.or-  F (y.) ■ F (r.) j 

d  ..  .  'n- 


C--X-- 


’duV  n- 

dy\  =  ,  r‘  I'll'- 
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After  the  substitution  of  the  obtained  equalities  in  equation  (15), 
we  coae  to  the  differential  the  second  order  equation: 

2c'-\F"Ul)Y  =  F^).F'[r).  1  0<-;) 

Into  equation  (16)  enters  the  experiaental  constant  c.  This  bears  out 
the  fact  that  in  the  selected  sjstea  cf  coordinates  (.v;  r,)  the  unknown 
functions  depend  on  jet  structure.  It  is  net  difficult  to  show  that 
by  the  simple  aodification  cf  ordinate  it  is  possible  to  eliminate 
the  effect  of  jet  structure  cr  function  F it,),  por  this  instead  of  >, 
let  us  introduce  the  new  relative  ordinate: 

rt 

-*  * 
a 

a  —  V  2-i  - 


where 


H7) 
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In  the  nee  systea  of  coordinates  (x ;  *)  the  components  of  the  speed 
will  accept  the  following  fen: 


l  ax 

■‘•=7 


Me) 

(19) 


because  of  which  the  fandaaestal  differential  equation  will  be 
written  as  follows: 


[F"(?)]‘  =  f  •  (20) 


Before  beginning  the  sclaticn  of  equation  (20) ,  let  us  lower  its 
order.  Let  us  introduce  fer  this  dependant  variable 


*  =  !n  h'  {?), 

to  what  it  corresponds 

/•'(s)  —  e:. 

The  substitution  of  this  variable/alternating  in  the  initial  equation 
gives  the  following  result: 

After  one  additional  replacement  -z*=Z,  we  obtain  differential 
first-order  equation: 

Z'  —  —  Z~  —\  Z.  (21) 


Before  value  |  z  we  supplied  ainus  sign,  since  from  the  physical 
considerations  it  follows  that  sum  Z'+Z^TO.  Actually: 
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Z^Z: 

Z'  =  Z  ; 

;  =  !n  [/-"(;  1 1; 

FV:) 

'  “  Fii)  ' 

(-1  -1  -  P( -.)\* 

'  ~  U-(f)i 
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Hence 


but 


Z’  —  Z-  -  Z  ’ 


/•"■(?  •  . 
/•*(?)  ’ 


i  w-dy. 


In  other  words,  P"  (*)  corresponds  to  the  transverse  gradient  of 
speed,  whereas  F ($)  corresponds  to  expenditure/consumption. 
Expenditure/consumption  is  positive  value.  The  at  the  same  time 
transverse  gradient  of  the  sF«ed  (Fig.  3  and  6}  at  all  points  cf  jet 
cross-sectional  area  is  lower  tlan  zero  and  only  on  the  axis  and  at 
the  outer  edge  it  is  equal  tc  2erc. 


(21a) 


Using  tha  general  method  cf  integrating  the  rational  integral 
functions,  we  find  this  integral: 

'f=c~  J  *  {in  (I  Z  -rlj  -ln[|,  (Z—  { Z-\-  l)j  +  I  <3  ■  arctg  U-f-ZZl  \ .  (22) 

I  3  J 

Let  us  examine  the  new  tcundary  conditions  by  which  it  must 
satisfy  obtained  integral  (22).  The  first  boundary  condition  lies  in 
the  fact  that  on  the  axis  of  jet  -  with  *=0  -  the  transverse 
component  of  speed  (v)  is  equal  to  zero,  and  relative  value  of 
longitudinal  velocity  ^  — j  is  equal  to  one. 

Because  of  this  with  *=C: 


F(-i)~e:  =  0, 

Pi-)—  "  =z'.e:  =  l. 

"m 

Whence 

Z  =  .  .  1 22a) 

The  second  boundary  condition  consists  in  the  fact  that  on  the 
external  jet  boundary  -  wher  f  =  -;rn-  the  transversing  speed  does  not 
disappear,  while  the  longitudinal  velocity  is  equal  to  zero. 
Therefore  when  -  — ;  • 

■  rp  ’ 


Fyi  '—r  -  0, 
F'(i)  —  z'e:  =  0. 


Hence 


Z  —  z'—O. 


(22b) 
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Proa  condition  (22a)  we  compete  the  constant  of  the  integration: 

‘-  =  °4-  2  [  3  -  I  =  --“.-  =  1,81. 

3  ^  I  ;i 

Condition  (22b)  gives  the  possibility  to  deternine  the  relative 
ordinate  of  jet  boundary: 


ff-  3  •'  »•««* 


(-  r.-V 


4  r 


31  3 


=  2,412. 
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Equation  (22)  is  utilized  for  finding  the  values  of  the  second 
auxiliary  function  -  Z-z*.  The  values  of  the  first  auxiliary  and 
basic  functions  (z  and  F(i)  —  e')  are  determined  with  the  aid  of  the 
quadratures  and  taking  the  logarithm  from  the  following  two 
equalities: 

z=z,-<z-dr.  ,,3) 

=  =  ln|F(-.)|. 

Here  z  -  unknown  value  of  function. 

*  -  corresponding  value  of  argusent  (relative  ordinate). 


z„  -  known  value  of  functict  at  any  point  with  the  ordinate 
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hbcve  it  was  shown  that  Gear  the  axis  of  jet  Z  approaches 

positive  infinity,  and  z  -  tc  negative  infinity  (when  ?=Q:r=0j. 

Z  —  z'~ 

Z  —  —  . 

This  fact  indicates  the  inadequacy  of  equation  (22)  and  equalities 
(23)  near  the  axis  of  jet.  let  us  try  tharefore  to  find  new  solution, 
suitable  in  stand  regions.  Proceed  we  will  be  as  before  frcn 

differential  equation  (21): 

</Z  ' 

V,  =-*-!  Z- 

With  when  Z-*-,  equation  (21)  can  be  strongly  simplified.  For 

this  should  be  disregarded/neglected  low  value  |  z. 


Thus,  we  obtain: 


Whence 


Z-z’~ 


Z  — *  ll'i  'i  -f- 1 


Integration  constant  can  be  determined  from  those 
considerations,  that  on  the  axis  cf  jet  the  relative  speed  is  equal 


to  unity: 


otherwise 


1  J"r  -<i__ 


In  -  . . 


a 

i 

♦ 

t 


17 . 
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thanks  to  which 


c,  =0. 


FOOTNOTE  1 .  of  this  it  is  not  difficult  to  be  convinced  by  means  of 
the  logarithmic  operation,  EBIFCCTNOTE. 


Thus,  the  first  auxiliary  function,  which  we  introduced  for  a 
decrease  in  the  order  cf  differential  equation  (2G) ,  approaches  In*: 


Page  19. 


Generally  z  it  is  possible  tc  present  in  the  fora  of  the  series/row, 
first  member  of  which  is  In*; 


z  —  In  i 


hence 


The  most  immediate  task  of  the  research  is  finding  subsequent  members 
of  series/row  (27),  and  then  series/row  (26).  Is  solved  this  problem 
by  the  method  of  successive  approximations. 


He  assuae/set  in  the  first  approximation' 

Z  =  z'  =  ‘  -A-  S' 


*•  :.t 


i,V„  S.* 


DOC  =  81037601 


PAGE 


and  we  produce  the  substituticn  of  this  expression  in  differential 
equation  (21): 


I 


Disregarding  coaponent s/ter us/acdends  with  highest  degrees  (Al-c-'' 
and  A, -s  '),  we  obtain: 

_ 1 

Ai  (f,  -r  =  —  i 

Equalizing  between  themselves  first  exponents,  and  then  coefficients 
in  two  parts  of  this  equality,  we  find  the  second  tern  of  series/row 
(27): 

.4,--?'  =  —0,4.)  T. 

For  finding  the  third  tern  of  series/rcw,  we  resort  to  the 
substitution  into  equation  (21)  cf  function  Z,  undertaken  in  the 
second  approxination/apprcach: 


From  this  in  a  described  above  aanner  we  obtain: 

.4  j  =  0,01 

Continuing  calculations  in  the  same  order,  it  is  not  difficult  to 
find  any  quantity  of  terms  of  series/row.  For  our  calculations  it  is 
possible  to  be  restricted  by  three  members. 


Thus,  we  have: 


Whence 


■  0,01  — 


0,01 

3 


(27a) 


(28a) 


zs 
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Asymptotic  approxiaaticns/aj preaches  (27a)  and  (28a)  give  the 
possibility  to  calculate  the  values  of  the  functions: 

(f);  '(?);  F(-si=xe:  ViV'(';)=r,e: 

Key:  ( 1)  .  and. 

at  points  with  the  low  values  cf  argument  #. 
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At  other  points  of  the  cross  section  of  slot  jet  should  be 
utilized  equation  (22)  and  equalities  (23)  .  After  producing  the 
calculations  indicated  and  utilizing  formulas  (18)  and  (19): 

“  =F(»);  .  (29> 

fTi 

*  (30) 

«e  compose  "fables  1  and  Pig.  cf  9-10  longitudinal  and  transversing 
speeds  in  the  cross  section  of  the  basic  section  of  slot  jet. 

Table  1  and  Fig.  9  and  10  speeds  u  and  v  depict  in  the  portions 
of  the  velocity  on  the  axi3  of  jet  (um).  In  turn,  the  axial  velocity 
of  slot  jet  is  the  function  of  polar  distance  of  the  jet  [see 
equality  (18)  ]: 


Pig.  9. 


Pig.  10. 


Fig.  9.  Distribution  of  longitudinal  velocities  in  section  of  slct 
jet. 


Fig.  10.  Distribution  of  fransversing  speeds  in  section  of  slot  jet 


DOC  »  81037602 


PAGE 


*f*able  1. 


—  =  F  (?) 

-L.  '  ! 

Um 

«  “ m  : 

1 

0 

t 

•  1,000 

0 

0.1 

0,979 

0.049 

0,2 

0,940 

0,091 

0,3 

0.897 

0,120 

0.4 

0,842 

0,151 

0.5 

0.782 

0.166 

0,6 

0.721 

0.168 

0.7 

0,660 

0,166 

0,8 

0.604 

0.151  ! 

0.9 

0,538 

0,120  ! 

1.0 

0.474 

0,091  | 

1,1 

0,411 

0.049  | 

1,2 

0357 

0  1 

1.3 

0.300 

-0.056  ' 

1,4 

0.249 

—  0.099  ; 

1.5 

0,200 

—  0,160  ! 

1.6 

0,165 

-  0.212  j 

1.7 

0,125 

-  0,260  1 

1,8 

0,095 

-0,318  1 

1,9 

0.067 

-0,356  j 

>2.0 

0,046 

—  0,402 

2.1 

0,030 

—  0,440 

2.2 

0,020 

—  0.469 

2,3 

0,009 

—  0,490 

2,4 

0 

-  0,498 
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Let  as  give  to  expression  (31)  soeevhat  different  form, 
again  we  will  use  the  constancy  cf  acmentum  in  the  free 

y'P  , 

Pi  u-  dy  =  p-u „  •  bn  =  const. 


For  this 
slot  jet: 
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Here  >vp  -  ordinate  of  jet  boundary:  p  -  air  density;  b0  - 
half-width  of  initial  jet  cross-sectional  area;  u„  -  discharge 
velocity. 


After  the  replacement  of  tho  variable/alternating  (instead  of  y 
we  introduce  *=y/ax)  we  obtain; 

..  ?rp  =  2.4 


f  -l- dz=\ 

U><  ,,  Urn 


or  otherwise 


Osing "Tables  1,  we  coapute  using  the  method  of  trapezoids  the 


integral; 


l’  (F'(?)]-rf?  =  0,685. 

Replacing  integral  by  its  nunerical  value,  we  reduce  to  final  fora 
the  formula  of  the  axial  velocity1  of  the  slot  jet: 


(32) 


FOOTNOTE  *.  The  axial  velocity  is  measured  here  in  the  portions  of 
the  discharge  velocity.  EHDEOCTHOTE. 


In  the  beginning  of  the  basic  section  of  slot  jet  -  in  the 


v 
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% 

transient  section  -  the  axial  velocity  is  equal  to  discharge 
velocity: 

un  =  u0. 

Hence  we  find  the  relative  abscissa  (relative  polar  distance)  of  the 
transient  section  of  the  slot  jet: 

~r°  ~  I*44-  (33) 

All  obtained  functions  of  the  turbulent  source  of  slot  jet  are 
suitable  only  in  the  region  cf  the  basic  section  of  the  jet  when 

X  <5  L o •  (34 

Participating  in  all  dependences  coefficient  a  is  determined  from 
experiments.  To  a  question  about  the  relection  of  its  values  in 
different  cases  will  be  dedicated  the  special  paragraph  of  this  work. 

Page  22. 

§4.  Turbulent  source  of  circular  jet. 

In  the  present  paragraph  we  will  become  acquainted  with  the 
theory  of  the  foraation/educaticn  of  free  jet  during  the  discharge  of 
air  from  the  circular  opening/apect ure  of  very  small  sizes/dimensions 
(Pig.  11). 

Section  jet-circle;  therefore  the  law  of  conservation  of 
■oeentum  will  be  written  as  follows: 

X 

2--  -  |  ur-y-dy**  const. 
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We  select  for  the  investigation  the  coordinate  system  with  +he  axes: 

x;  V~-y- 

In  this  coordinate  system  the  condition  of  the  constancy  of  momentum 
assumes  somewhat  different  form: 


2,.ui.x>.  f-tt:  -rt  drt  = 
J  U„ 


whence 


=  const. 


Um-x-- J  f-(r,)-rt-dTi  =  const. 

-  3C 

However,  J is  a  constant  value,  due  to  what  the  law  of  a 
change  in  the  axial  velocity  acquires  the  hyperbolic  form: 


Dependence  (35)  gives  the  possibility  to  obtain  the  formula  of  the 
longitudinal  component  of  the  steed: 

“  =  ltm  •/(•'])  =  “  *  (36) 

The  longitudinal  and  transverse  components  of  the  speed  in  the  flow, 
symmetrical  relative  to  rotational  axis  (x  axis),  can  be  as  follows 
expressed  by  means  of  the  function  of  the  current: 


Hence 


y  &y 
v  ox 


| '  u  y  dv  =  m  X'  l  /Wi'4 


V 


.VP  - 
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Fig.  11.  Turbulent  source  of  circular  jet. 
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Let  us  introduce  the  designation: 

and  let  us  reconposa  the  formulas  of  the  function  of  current, 
longitudinal  Telocity  and  transversing  speed: 


v 


u  ; 

i t'j 

dx 


m-x  F(ry, 
m  F  (/,)  _ 

v  *  > 


m 

x 


(37) 

(38) * 

(39) 


The  basic  problee  of  the  investigation  of  the  turbulent  source 
of  circular  jet  consists  of  finding  of  function  F(e)  and  its 
derivative  P*  (#)  . 
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The  solution  of  this  problem  can  be  obtained  with  the  aid  of  the 
theorem  of  momentum*. 


POOTNOTE  *.  Just  as  in  the  case  of  slot  jet.  EH DP GOT NOTE. 


Let  us  isolate  for  this  purpose  in  Pig.  11  symmetrical  relative  to  x 
axis  control  surface  and  let  us  compose  for  it  momentum  balance. 
Through  the  loser  part  of  control  surface,  which  has  area  -  2**»y»dx 
4  s  transferred  second-by-second  the  momentum: 

2-r.-?~u-v-y-dx. 

within  the  control  surface  occurs  a  change  in  the  momentum  per 

second:  x 

—  2~u  d  i  td-y-dy. 


As  a  result  of  changing  the  momentum  appears  the  tangential  force: 


■  •  2  • "  •  y  •  dx  =  ?  •  c-  •  • 


Utilizing  the  enumerated  three  factors,  we  compile  an  eguation 
momenta: 


,  l 

II  ■  Z'  — 

V 


f I 

dx 


i  ir-y  dy  ; 

jC 


(40) 


Equalities  (38)  and  (39)  give  the  possibility  to  convert 
aquation  (40)  into  the  differential  equation  of  function  P  (<*) . 


Actually: 
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m-  '[/r'|T',)|1  /•'(/,)■  F  (r  )  I 

II  ■  v  =  ..  •  —  .  —  ; 


C'-X- 


1  0  ...  ,  /«'  |p  ( r,))- 

7‘  ■  ,  ; 


which  after  substitution  in  equation  (40)  gives: 


P'(0 


Pi  (,)■  /•"  (r). 


(41) 


From  the  obtained  differential  equation  it  is  possible  to  exclude  the 
experimental  constant  c*. 


Page  24. 

Por  this  it  suffices  to  change  the  coordinate  system,  after  switching 
over  from  the  coordinates 

x  :  r.  =  -  — 

'  x 

to  the  coordinates 

v 

(j-.t 

where 

a  =  |/2c! . 

In  the  new  coordinate  system  the  components  of  the  speed  will 


accept  the  following  form: 


DOC  =  81037602 


PAGE 


^7 


Utilizing  new  formulas  of  speeds,  we  have  the  capability  to  give  to 
fundamental  differential  equation  the  new  fora: 

(?).  ‘  (44) 


Attempting  to  lower  the  order  or  differential  equation  (44),  let  us 
introduce  new  dependant  variable  z=ln  [P(*)],  to  what  corresponds 
F(*)=e*.  After  the  substitution  of  new  variable/alternating  we 
obtain: 


L  *  - 

If  we  assume  z*=Z,  then  is  formed  differential  first-order  equation: 

Z-\-&-YZ.  *  (45) 

with  conponent/tera/addend  \Z  jusx  as  in  the  case  of  slot  jet1,  is 
accepted  negative  sign,  which  corresponds  to  the  sign  of  the 
transverse  gradient  of  speed  (dv  '<0)' 


FOOTNOTE  *.  See  equation  (21).  ENDFOOTNOTB. 


Let  us  exaaine  the  necessary  for  the  integration  boundary 
conditions. 


W9t,  s  ***  V  -»  - 
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1.  On  axis  of  jet  where  #=0,  must  disappear  transverse  conponent 
of  speed : 

v  =  0. 


Equality  (43)  it  leads  in  this  case  to  the  conditions: 

F(0)  =  l=,0'  1  (43a) 

~  =  In  [f  (?)].=  *-  m.  ) 

Furthermore,  on  the  axis  of  jet  relative  value  of  longitudinal 


velocity  is  equal  to  one: 


vhence  (for  e=*0) 


F'  (*)_  z'-e~  _  j 


(45b) 
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2.  On  jet  boundary,  when  -=?rp.  longitudinal  velocity 
disappears: 


u  —  0, 


to  what  it  corresponds: 

^(?,p)  =  0. 


(?rp)  =  0,  \ 
:=./—o.  ( 


(45c) 


Boundary  condition  (45b)  gives  on  the  axis  of  the  jet: 

dz  e: 

d*  *  *  =  L  <«&» 

utilizing  equation  (46a)  as  the  first  approximation  for  solving 


stated  problem,  we  obtain: 


urn 
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bat  with  *=0: 


e:  =  0, 


therefor* 


<.'  =  0;  e:  =  ;  z  =  In  ■  ;  s' = 


Siailarly  how  it  was  dene  for  the  slot  jet,  let  us  present  the 
solution  of  differential  equation  (45)  in  the  fera  of  series/row.  The 
first  aeaber  of  this  series/row  we  will  obtain  froa  approximate 


solution  (46b)  : 


2  =  **  =  --- +  ••• 


♦ 

K 

i 

* 

i  * 


Subsequent  aeabers  of  series/xcw  let  us  find  by  the  method  of 
successive  approximations.  Per  this  let  us  first  assign  the 
two-teraed  series/row: 

z  =  c'  =  -*-  +  ,Vr-  <47) 

and  let  us  substitute  it  in  equation  (45) : 


“  4  ^  / 1  ~  i  ____  .  *•  . ;  _  **  _ 4  •  4  •  _  4*  ..  _ 


Disregarding  the  aeabers  of  the  second  order  of  saallness  Mi-V'1  and 
.A, ••?’')  and  producing  elementary  conversions,  we  obtain: 

Equalizing  exponents  in  the  right  and  left  sides  of  the 
equality,  we  find  the  exponent  cf  the  second  tera  of  series/row  (47)  : 

‘-i- 
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Comparing  coefficients  of  both  of  parts  of  this  equality,  we  compute 
the  coefficient  of  the  second  term  of  series/row  (47) : 

4  _._  2  »  2 

Page  26. 
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Integrating  equation  (50),  we  find  the  function: 


r  — In  v2  —  0,27- •?*  —  0,0013 -(-0, 00018 -U  0,000025  • — 
-f  0,000002  ■  ?*  •  —  ■ 


1 51) 


Proa  the  equalities: 

F(i)=-e\  ( 

F[i)  =  *-r.  f  • 

we  compute  function  P(e)  and  its  derivative  -  F'(*).  Pinally  with  the 


(52) 


aid  of  foraulas  (42)  and  (4  3)  we  deteraine  the  relative  components  of 
the  speed  at  different  points  of  the  cross  section  of  circular  source 
or,  which  is  the  sane  thing,  cf  the  basic  section  of  the  circular 
jet: 


u 

u_ 


F'  (-;) 


Serias/rows  (50)  and  (51)  are  completely  suitable  in  the  middle  parts 
of  the  cross  section  of  jet.  However,  in  the  region  of  the  boundary 
of  the  jet  -  near  ?=rrp  -  these  series/rows  possess  bad 
convergence.  Therefore  for  the  boundary  layers  of  jet  it  is  necessary 
to  obtain  another  solution  of  differential  equation  (45).  The  new 
solution  can  be  obtained  frca  boundary  condition  (45c),  according  to 
which  on  the  jet  boundary  disappears  function  Z: 


In  fact,  if 


Z  =  c'(f^=0.. 


'  z'z=Z  -  0, 


DOC  *  81037602 


then  in  aquation  (45) : 

Z - )  Z 

and 


2  |  Z - ,  +  c. 
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0  hen  f  =  frp 

therefore 


z=o, 


Thus,  in  the  first  approximation,: 

~  -)*•  (o3) 

Converting/transferring  to  the  second  approxiaa ti on/appro ach ,  let  us 
present  solution  in  the  fora  cf  the  binoaial: 


After  tha  substitution  of  this  binoaial  in  equation  (45) ,  will  be 
determined  by  already  known  aathed  its  second  tera: 


Continuing  calculations  in  tha  same  direction,  it  is  possible  to  find 
any  nuaber  of  terms  of  series/rew.  If  we  are  restricted  by  fiva 


aeabers  of  series/row,  then  we  will  obtain: 
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/ 


/  i  3  \ 

64  _  l28~-rP  )‘lrr|,~ 

/ _ 19 _ ,  133  \  , 

l  1  280  -  ?rp  +  10  240-^p.1' 


r)4  - 


(54) 


Equation  (54)  gives  a  good  ccr verge  nee  near  the  jet  boundary,  i. e. , 
exactly  in  that  region,  £or  which  is  unsuitable  equation  (50). 


Therefore  during  the  calculation  of  functions  z,  P (#)  and  P’(*) 
in  the  niddle  layers  jets  use  equation  (50),  while  in  the  boundary 
layers  is  utilized  equation  (54).  In  order  to  detersine  the  value  cf 
the  relative  ordinate  of  jet  bcundary  (?,*),  let  us  coapare  in  any 
known  to  point  jet  (for  exasple,  at  point  *~2)  of  equation  (50)  and 
(54): 

Z.„  =  Zi4.  (.55) 

By  producing  then  calculations  with  the  aethod  of  successive 
approxiaations,  let  us  find: 

-rp=3,4.  (56) 

It  aust  be  noted  that  condition  (56)  gives  the  possibility  to  replace 
with  nunbers  all  coefficients  of  series/row  (54): 

Z  =  0,25  •  (.3,4  —  ; )-  0,037  ■  (3.4  —  ?  )3  —  0,004  •  1 3,4  —  ■;)♦  — 

-f-0, 015  (3, 4-  •?)-  —  0,0173-13,4  —  ?)"•  (5“) 

Row,  whan  all  basic  functions  of  the  turbulent  source  cf  circular  jet 


V  '  «. 


» 
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are  determined,  we  will  use  by  them  and  let  us  compose "Tables  2  and 
Pig.  1 2-13  longitudinal  and  transversing  speeds  of  the  cross 
section  of  the  basic  section  of  circular  jet. 

Page  28. 

In  Table  2  and  Pig.  12-13  speeds  a  and  v  are  measured  in  the 
portions  of  axial  velocity  {»„)■  The  latter  can  be  found  from  the 
expression: 

m  ') 

FOOTNOTE  *.  See  equality  (U 2)  .  1NDFOOTNOTE. 

Me  will  use  the  constancy  of  the  momentum  of  circular  jet  in  order  to 
give  to  equality  (58)  more  convenient  form. 

Me  have: 

ir 

2- i  ir -v ■  i/v  =  ~ •  •. ■  iii". ■  /?o  =  const. 

Here  yrr  -  absolute  ordinate  cf  jet  boundary;  p  -  air  density;  H0  - 
radius  of  initial  jet  cross-sectional  area:  u0  -  discharge  velocity. 
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Table 


u  _F( r) 


0 

1 

0. 

0.1 

0,984 

0,050 

0.2 

0,958 

0,100 

0.3 

0,922 

0,144 

0.4 

0,885 

0,178 

0.5 

0.843 

0,200 

0.6 

0,795 

0,220 

0.7 

0.748 

0.230 

0.8  i  0.700 

0,240 

0.0 

0.653 

0,233 

1.0 

0,606 

0,225 

1.1 

0.555 

0,210 

1,2 

0.510 

0,190 

1.3 

0.470 

0,170 

1.4 

0.425 

0,140 

1.5 

0.378 

0.110 

1.6 

0.340 

0,080 

1.7 

0,300 

0,040 

1,8 

0,265 

0 

1.9 

0.230 

-0,033 

2.0 

0,198 

-0.066 

2.1 

0,169 

-0,100 

t  n 

0,140 

-0,140 

23 

0,117 

—  0,180 

2.4 

0,094 

-0,219 

2.5 

0,075 

-  0,237 

2.6 

0.059 

-  0,270 

2.7 

0.046 

-  0.295 

2.8 

0.034 

—  0.310 

2,9 

0,024 

-0,323 

3.0 

0,017 

-0,334 

3.1 

0,011 

-  0,340 

3.2 

0.007 

—  0.3*5 

3,3 

0,003 

-  0,340 

3.4 

0 

-  0,335 
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After  the  replacaaent  of 


variable/alternat ing,  we  obtain 


U'm 

Ri  u* 


?rp  =  u 


0.5 


or  otherwise 
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u 


n 


ll„ 


a- x 

R*' 


0,707 

r  m 


The  integral*  which  stands  under  the  root  is  equal  to: 


d-.  =  0.536  !), 


which  gives  the  possibility  tc  obtain  the  final  formula  of  the  axial 
velocity  of  the  basic  section  of  the  circular  jet: 


"«  _  0.96 

«»  a-K  (.59) 


FOOTNOTE  This  integral  we  calculated  according  to  the  method  of 
trapezoids  with  the  aid  of  "Table  2.  ENDFOCTNOTE. 


In  transient  jet  cross-sectional  area,  from  which  begins  basic 
section,  axial  velocity  is  equal  to  discharge  velocity: 

Um  __  i 

~”o 

Hence  we  find  the  relative  abscissa  of  the  transition  section  of  the 
circular  jet: 

—  0,96.  (.60 > 

All  obtained  functions  of  the  turbulent  source  of  circular  jet  are 
suitable  only  in  the  region  of  the  basic  section  where 


-V  t?  /-rt* 
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§5.  initial  section  of  free  jet. 

The  experiences  of  the  Gcettingen  wind-tunnel  laboratory  and 
TSAGI  show  that  in  the  region  of  the  first  two  bores  of  circular  jet 
the  high-speed/high-velocity  prcf ile/airf oil  of  its  boundary  layer 
coepletely  coincides  with  the  bigh-speed/high-velocity 
profile/airfoil  of  the  frei  boucdary  of  infinite  plane  flow*. 

FOOTNOTE  *.  G.  N.  Abraaovich.  Aerodynaaics  of  flow  in  open 
wind-tunnel  test  section.  Pt.  I,  page  23-24.  Transactions  of  TsAGI 
iss.  223.  ENDPOOTNOTE. 

At  the  saae  tiae,  at  the  end  cf  the  initial  section  -  in  the 
transient  section  -  the  velocity  profile  aust  be  the  saae  as  in  the 
basic  section  of  jet.  In  other  words,  for  the  elongation/extent  cf 
initial  section  aust  be  observed  the  continuous  conversion  of 
velocity  fields. 

Page  30. 

Let  us  give  the  series/row  of  tha  experiaental  diagraas  of  Goettingen 
institute1,  which  clearly  illustrate  this  position: 
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FOOTNOTE  *.  Ergebnisse  der  Aerodynaaische  Versuchsanstalt  zu 
Goettingen.  II  Liefetung.  1923.  FNDFOOTNOTE. 

1)  Pig.  14  depicts  the  field  of  velocity  heads  of  free  jet  at  a 
distance  of  1.5  a  free  the  nozzle,  Diameter  of  nozzle  do=0.137  m. 
Discharge  velocity  u*„=40  a/s; 

2)  Pig.  15  -  the  saae,  at  a  distance  of  1.0  a; 

3)  Pig.  16  -  tha  sane,  at  a  distance  of  0.5  a; 

4)  Pig.  17  -  the  sane,  at  a  distance  of  0.25  m; 

5)  Pig.  18  -  the  saae.  at  a  distance  of  0.01  a. 

The  given  diagraas  ace  written  by  the  pressure  recorder  of 
Bartels's  systee.  Next  to  the  zigzag  empirical  curves  are 
plotted/applied  the  theoretical  profiles,  borrowed  from  the  theory  of 
the  basic  section  of  jet.  Of  course  in  the  initial  section  (Fig.  16 
and  17)  these  theoretical  prof ilis/airfoils  are  constructed  only  in 
the  region  of  boundary  layer. 
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As  we  see,  within  the  liaits  of  basic  section  (Fig.  14  and  IS) 
the  experimental  and  theoretical  velocity  profiles  virtually 
coincide,  while  in  the  boundary  layer  of  initial  section  (Fig.  16  and 
17)  the  velocity  field  is  defcried  and  differs  froa  theoretical  all 
the  sore  than  the  selected  section  it  is  nearer  to  the  nozzle,  in 
order  to  show  that  near  the  nczzle  the  high-speed/high-velocity 
profile/airfoil  of  the  jet  of  the  sane,  as  in  infinite  plane  flow, 
let  us  turn  to  the  aeasureaents  cf  velocity  heads  into  the  wind 
tunnel  of  Goettingen  institute.  These  aeasureaents  are  produced  in 
the  boundary  layer  of  the  open  test  section  of  Prandtl*s  large  duct 
(diaaeter  D0=2.25  a)  at  a  distance  cf  1.  12  a  free  the  nozzle. 
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Fig.  14.  Pields  of  velocity  heads  of  free  jet  at  a  distance  of  1.5  a 
from  the  nozzle  with  a  diaaeter  of  0.  137  ■. 


Fig.  15.  Fields  of  velocity  heads  of  free  jet  at  a  distance  of  1.0  m 
fro*  nozzle  with  a  diameter  of  0.137  m. 


Fig.  16.  Fields  of  velocity  heads  of  free  jet  at  a  distance  of  0.01  « 
froe  nozzle  with  a  diaaeter  of  C.137  a. 
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Experimental  curve  is  constructed  next  to  the  theoretical  curve  cf 
plane  flow  and  coapletaly  it  coincides  with  it  (Fig.  19).  Thus,  it  is 
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possible  to  consider  it  established/installed  that  in  the  boundary 
layer  of  the  initial  section  cf  free  jet  occurs  the  gradual 
transition  froa  the  velocity  field  of  infinite  plane  flow  to  the 
velocity  field  of  the  basic  section  of  jet. 

Analyzing  the  position  indicated,  it  is  possible  to  aake  the 
following  conclusions: 

1.  Daring  the  study  of  the  first  two  bores  of  jet  should  be 
utilized  laws  of  the  free  bourdary  of  plane  flow,  so  this  and  is  aade 
daring  the  developnent  of  the  aerodynamic  design  of  open  wind-tunnel 
test  section. 

2.  During  study  of  initial  section  as  parts  of  entire  jet,  it  is 
possible  to  disregard  strain  cf  velocity  fields  and  to  consider  that 
in  all  sections  of  boundary  layer  of  initial  section  velocity  fields 
are  siailar  to  those  which  are  established  in  basic  section  of  jet. 
This  conclusion/output  will  beccae  especially  convincing,  if  we  focus 
attention  on  the  fact  that  the  deviation  froa  it  is  made  by 
noticeable  only  in  that  region  of  the  jet  where  the  boundary  layer 
thickness  is  snail  and  its  "specific  gravity/weight"  in  the  total 
balance  of  aasses  and  energies  is  insignificant. 

Subsequently,  relying  on  ccnclusion/output  (2),  we  will  apply 
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one  and  the  saae  velocity  profile  both  for  the  basic  section  of  free 
jet  and  for  the  boundary  layer  cf  its  initial  section. 


81037602 


Pig.  19.  Pields  of  velocity  heads  in  boundary  layer  of  free  jet  at  a 
distance  of  1.12  ■  froe  nozzle  kith  a  diameter  of  2.25  m. 


Page  32. 
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Repeatedly  it  was  mentioned,  that  is  investigated  this  case  of 
the  free  jet  when  in  the  initial  section  occurs  the  unifora  field  of 
velocities* . 

i 

i 

FOOTNOTE  *.  Correction  for  the  conunif oraity  of  the  initial  field  of 
velocities  will  be  introduced  fcelew.  endpoctnote. 

In  this  case,  the  initial  boundary  layer  thickness  of  jet  is  egual  to 
zero  and  it  is  possible  to  consider  that  it  begins  its  existence  at 
nozzle  discharge  edge  (Fig.  20). 

Let  us  use  to  the  boundary  layer  of  the  initial  section  of  jet 
the  basic  hypothesis  of  Prandtl's  free  turbulence  [see  equality  (2)  ]: 

/'  =  c*  •  5  -).  (61) 

FOOTNOTE  *.  1*  -  mixing  length  in  this  section  of  boundary  layer;  c* 

-  constant,  different  frcir  ccrstant  c  of  basic  section;  S  -  distance 
of  this  section  froa  the  edge  cf  nozzle.  ENDFOOTNOTE. 

Combining  this  hypothesis  with  the  assumption  about  the 
similarity  of  velocities,  we  cone  (as  in  §2)  to  the  conclusion  about 
the  straightness  of  the  external  and  internal  boundaries  of  the 
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boundary  layer  of  the  initial  section  of  jet.  Furthermore,  any 

4 

ray/beaa  C,  which  rises  froa  frcn  the  edge  of  nozzle  and  lying  within 
the  limits  of  boundary  layer,  must  jfee  the  line  of  equal  velocities. 

These  facts  attest  to  the  fact  that  during  the  study  of  initial 
section  to  rationally  arrange  the  origin  of  coordinates  at  the  edge 
of  nozzle.  Axis  Y  direct  inside  the  flow.  As  the  coordinates  let  us 

I 

select  S  and  ♦•aY/a'^S,  where 

ii'  ~  y  2  ( c  c  . 

In  this  coordinate  system  internal  and  external  boundaries  of  the 
boundary  layer  of  initial  section  are  respectively  determined  by 

I 

relative  ordinates  and  *'2, 

Utilizing  Fig.  21,  let  us  find  the  basic  shape  factors  of  the 
initial  section  of  jet. 

Froa  the  similarity  of  triangles  we  have: 


Hence  relative  distance  froa  the  pole  of  the  jet  to  its  initial 
section  -  the  depth  of  the  pole: 
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4- 

Pig.  20.  Boundary  layer  in  the  Initial  section  of  free  jet. 


Key:  (1).  Then.  (2).  Quiescent  air.' 
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The  length  of  initial  section  (S0)  jp  equal  to  the  difference  between 
the  polar  distance  of  transient  section  and  with  a  depth  of  the  pole 

■»  t  . 

of: 


__  a  •  Z.fj  li  *  Uq 

b»  bo  '  b% 


164) 


V  '  » 
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nixing  length  at  the  end  of  the  initial  section  is  equal  to  nixing 
length  in  the  beginning  of  the  basic  section: 


/«»  =  /„, 


whence 


a'  =  /2(c’); 


«  =  ^  2(c)*', 


therefore 


a  V  iw>i 

The  region  of  constant  velocities  (u=u0)  toward  the  end  of  the 

initial  section  is  eliainatad,  thanks  to  which: 

’  . 

tg  al  =a-«j  =  ; 

**0 

in  other  words,  the  relative  ordinate  of  the  internal  boundary  of  the 
boundary  layer: 


a'  S, 

- a . 

a  bn 


Boundary  layer  thickness  at  the  end  of  the  initial  section  is  equal 
to  the  half-width  of  the  transient  section: 


-  ?>S0  —  a’rrf)‘L., '), 
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whence 


FOOTNOTE  >,  Here  * 1 2  is  undertaken  with  the  negative  sign,  because  y 
axis  is  directed  inside  the  flew.  ENDPOOTNOTE. 

Thus,  the  ordinate  of  boundary  layer  edge  in  the  initial  section 
of  the  jet: 

3  /  l 

?rp  •  y  sj--  (68) 

The  obtained  general  foreulas  of  the  geometric  parameters  of  jet 
are  suitable  both  for  the  circular  and  for  the  slot  jet.  In  the 
use/application  to  each  of  the  jet  individually,  all  these  formulas 
are  replaced  by  numbers. 

Let  us  examine  the  basic  properties  of  the  initial  section  cf 
slot  jet. 

Page  34. 

In  §3  was  found  the  polar  distance  of  the  transient  section: 


and  the  relative  ordinate  of  the  boundary  of  the  basic  section  of  the 
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slot  jet: 


■  rp 


2,412. 


Hence  the  depth  of  the  pole  of  the  slot  jet: 

a'/’n  =  0,41, 

the  length  of  the  initial  section: 


the  value  of  the  empirical  coefficient: 

a'  =  1.25  a, 


the  relative  ordinate  of  tie  internal  boundary  of  the  boundary  layer: 

?,  =0.77 

and  the  relative  ordinate  of  boundary  layer  edge: 

?.;  =  — 1,93. 

The  velocity  field  of  the  boundary  layer  of  initial  section,  as  it 
vas  accepted,  similar  the  velocity  field  of  the  basic  section  of  jet. 
Therefore  in  order  to  obtain  the  field  of  the  boundary  layer  of  slot 
jet,  it  suffices  Tables  1  and  Fig.  9  to  change  in  accordance  with  the 
ordinates  of  boundary  layer,  after  accepting  *• I=0.77  instead  of  *,=0 
and  e '  z~-  1.93  instead  of  ?rp=2,4. 


As  a  result  of  this  rearrangeaent  are  obtained  Table  31  and  Fig. 

22. 


FOOTNOTE  *.  Table  3  gives  values  u/u0  instead  of >“  .  since  in  initial 
section  ENDFOOTNOTE. 
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Fig.  22.  The  velocit 
section  of  slot  jet. 


For  calculating  the  gaoaetric  parameters  of  the  initial  section 
of  circular  jet  it  is  possible  to  use  the  fact  that  the  polar 
distance  of  transient  section  is  equal  to: 

while  the  relative  ord irate  of  the  boundary  of  basic  section  has  a 
value: 


?rp  =  3,4. 
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Hence  we  find  the  relative  depth  of  the  pole: 

=0,29, 

*M> 

the  relative  length  of  the  initial  section: 

-^•  =  0,67. 

the  coefficient  of  flow  pattern  in  the  initial  section: 

a'  =  1.28«. 

the  relative  ordinate  of  the  internal  boundary  of  the  boundary  layer: 

?;=U7. 

and  finally  the  relative  ordinate  of  the  outer  edge  of  the  initial 
section  of  the  circular  jet: 

?;=  -2,67. 

In  order  to  coaplete  the  analysis  of  the  initial  section  of 
circular  jet,  let  us  conpcse  Pig.  23  and  "table  4  of  relative 
velocities  in  the  boundary  layer  of  initial  section.  Table  4  and 
graph/curve  by  23  are  constructed  with  the  aid  of  "table  2.  In  this 
case  the  boundary  ordinates  cf  the  basic  section  of  the  circular  jet 
{♦,=0  and  ©rp  =  3,4)  are  replaced  by  the  boundary  ordinates  of  the 
boundary  layer  of  initial  section  (*,l  =  1.17  and  **2=2.67)  . 


v 
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Table  4. 


- 

1,17 

1.1 

1,0 

• 

0.9 

0.8 

0.7 

0,6 

0.5 

a 

1 

0.990 

n.971 

0,945 

0,914 

0,879 

1 

|  0.838 

l  0,795 

u<, 

e 

1 

1 

* 

• 

- 

0,4 

0,1 

0.2 

0,1 

0 

-  0.1 

—  0.2 

l 

-0,3 

a 

1  0,751 

0.7'0 

<,068  0,625 

0,582 

0.540 

0,500 

|  0,464 

tin 

l  - 

i  1 

1 

1  ‘ 

:  -0,4 

i 

-0.5 

-0,6 

-0.7 

-  0.8 

-0.9 

a 

0.428 

0,389 

0.350 

!  0,316 

0,280 

0.250 

“o 

1 

1 

1 

• 

|  . 

• 

9' 

-  1,0 

-  1.1 

—  1. 

-1.3 

-1,4 

-1,5 

i  -  1.6 

1 

!  -1.7 

o.:i8 

0,188 

,  0.161 

0.140 

0.120 

0.100 

0.081 

0,06 : 

O,. 

/ 

tp’ 

-  1.8 

-  1.9 

-  2.0  -  2)1 

_  -7  7 

-2,3 

-2,4 

|  -2.5 

a 

i  0.051 

•  0.041 

1 

0.032  >  0.025 

0.019 

0.012 

0.010 

0,005 

u» 

1 

-2,6 

— 

2,67 

_ _ 

- _ 

-  0,001  0 

«n 
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§6.  Basic  conclusion/output  of  free  boundaries  theory  and  their 
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experimental  check. 

A)  Circular  jet. 

The  construction  of  the  configurations  of  circular  free  jet  is 
conducted  as  follows  (Fig.  24): 

1)  £ind  the  pole  of  jet  whose  depth1: 

A0  _  0,29 

a  W' 

and  conduct  through  it  and  through  nozzle  discharge  edge  the 
rays/beass  of  external  jet  boandary.  Tangent  of  the  divergence  angle 
of  the  outer  edge: 

tg  3=  a'-9.,  =  a-?rp=3,4-a.  <?0) 

POOTHOTB  >,  On  the  selection  cf  value  a  it  will  be  said  below. 
EHDFOOTNQTE . 

2.  They  find  location  cf  transient  jet  cross-sectional  area: 


and  are  constructed  it.  it  is  interesting  to  note  that  a  radius  of 
transient  section  is  a  constant  value  and  does  not  depend  on  jet 
structure: 


3.  Connect  center  of  trarsient  section  with  edge  nozzles  and 
they  obtain  thus,  boundary  of  nucleus  of  constant  velocities  (u=u0)  . 


DOC  »  81037603 


PAGE 


Page  38. 


The  tangent  of  the  convergence  angle  of  the  boundary  of  the 
nucleus  of  constant  velocities  is  equal  tc: 

tg«,  =o'-?i  =  1,28- a-?'  =  1^-a.  (73) 

The  divergence  angle  of  the  tcurdary  layer  of  the  initial  section  of 
circular  jet  is  comprised  froi  the  sum  of  angles  a1 j  and  «'2=a: 

p  =-  d\  +  fltj  SB  arctg  (1 ,5  •  a)  -f  arctg  (3,4  a).  (74) . 

The  width  of  boundary  layer  ic  the  arb.itrary  section  of  initial 
section  comprises: 


bn.  c 

R, 


(?j  — ?i)'5 
Ro 


(75) 


A  finally  complete  radius  of  jet  at  the  assigned  distance  (S)  fren 
the  nozzle  is  measured  by  the  value: 


^rp  _  •£"(-  ,  aS 

R,  Rv 


1. 


The  only  experimental  coefficiert  of  theory 
on  jet  structure. 


(76) 

(coefficient  a) 


depends 


The  analysis  of  experiments  of  Trupelr  zima,  Gettingen 
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aerodynamic  institute,  Tutkus  and  Syrkin  1  shows  that  in  the  very 
broad  band  of  Reynolds  numbers  {from  20000  to  4000000)  coefficient  a 
dees  not  depend  on  Reynolds  nun  ter. 

FOOTNOTE  lm  See  bibliographical  directory  at  the  end  of  the  article. 
ENDFOOTNOTE . 


At  the  same  time  the  value  cf  quantity  a  somewhat  changes  with  a 
change  in  the  velocity  profile  in  the  beginning  of  jot.  with  this  a 
it  increases  with  an  increase  in  the  nonunifornity  of 
high-speed/high-velocity  pref i le/airf oil. 


After  working/treatment  cf  experiments  indicated  it  was  possible 
to  construct  the  graph/diagraa  cf  25  dependences  cf  coefficient  a  of 
circular  jet  on  the  elcngaticn  cf  its  i.nitial  field  of  velocities 


umax  u  \ 

“epo  r 


From  Fig.  25  it  is  evident  that  for  the  completely  uniform  field 
of  velocities  -  a=0.066.  In  tie  series/row  with  this  for  the 
completely  steady  turbulent  field  of  velocities  |  ~ i ,25^  —a  —  0,076. 


Fig.  25  relates  to  th-s  "natural"  turbulent  jets,  with  the  aid  of 


the  artificial  agitation  cf  flc%  it  is  possible  to  sharply  increase 
coefficient  of  a  which  in  turn,  will  lead  to  the  more  rapid  fading  of 
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jot. 


The  artificial  agitation  of  free  jat  was  conducted  by  eng. 
Syrkin,  who  established/installed  in  initial  jet  cross-sectional  area 
(at  the  output  from  the  duct)  turbulence  generating  grid  and  inclined 
at  angle  of  h5°  toward  the  axis  the  guides  of  blade.  Turbulence 
generating  grid  raised  coefficient  of  a  to  value  of  a=0.089.  However, 
guide  apparatus  caused  as0.27. 
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Fig.  25.  Dependence  of  the  coefficient  of  jet  structure  a  on  the 
initial  velocity  field  of  circular  jet. 


Key:  (1).  according  to  Trupel  and  Brandtl.  (2).  according  to  Zina. 
(3)  .  according  to  Syrkic  and  Tcrkns. 
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The  velocity  on  the  axis  cf  the  basic  section  cf  circular  jet, 
measured  in  the  portions  cf  tfce  discharge  velocity,  is  determined  by 
the  formula  [see  equality  (59)]: 


0,96 

a-x 

R* 


0.96 


U'S 


+  0,29 


limits  of  the  initial  section 


a-S 

Rn 


<  0,67, 


(77) 


In  the 


where 
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axial  velocity  is  constant/invariable  and  equal  tc  discharge 
velocity: 

=  1  (78) 

«• 

Fig.  26  connects  together  fcriulas  (77)  and  (78).  On  it  is  depicted 
the  curve  of  a  change  in  the  exial  velocity  along  the  entire  free 
jet.  In  Pig.  26  are  plotted  the  experimental  points  of  Trupel,  Zina, 
Gettingen  institute,  Turkus  ard  Syrkin  *. 

footnote  1 2 3 .  See  bibliographical  directory  at  the  end  of  the  article. 
END FOOTNOTE. 


In  this  case  in  accordance  with  graph/curve  by  25,  are  accepted  the 
following  values  of  constants  a: 

1)  in  experiments  cf  Trupel  and  Gettingen  experiments  (initial 
velocity  field  unifora)  ...  a-0.066. 

2)  in  the  experiences  cf  Ziaa  ^-—^  =  1.10)  •••  a=0.070. 

3)  in  experinents  of  Turkus  and  Syrkin  f  Jims*.  — 1,25 j  ...  a=0.  076. 
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"  l 

Fig.  26  testifies  about  the  excellent  experimental  confiraation 
of  the  character  of  theoretical  curve  of  axial  velocities  along  the 
circular  jet. 


The  theoretical  velocity  distribution  law  in  the  cross  section 
of  circular  jet  was  above  ccapared  with  Gettingen  experiaents  (see 
Fig.  14,  15,  16,  17,  18  and  1?),  which  it  coapletely  confiraed.  In 
addition  to  this  is  given  the  ccaparison  of  the  law  cf  the  cross 
field  of  the  velocities  [see  expression  (42)  ]  circular  jet  with 
experiaents  of  Trupel  (Fig.  27).  Experiaental  points  Fig.  27  are 
borrowed  from  Fig.  4.  Theoretical  curve  is  constructed  in  the  fora: 


instead  of 


u 


(7  ') 


As  we  see,  and  here  the  theory  cf  circular  jet  coincides  with 
experiaent. 
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B) .  Slot  jet. 


> 
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The  construction  of  the  configurations  of  slot  jet  is  conducted 
by  accurately  the  sane  method,  as  in  the  case  of  circular  jet,  with 
the  only  difference  that  the  are  utilized  ether  numerical  values  of 
geometric  parameters.  Depth  cf  the  pole  of  the  slot  jet: 


K  _  0,41 
a 


1 80) 


Tangent  of  the  divergence  angle  of  the  outer  edge  of  the  slot  jet: 


tg  #  =  a'  •  -sj  =  a  •  9  rp  =  2,4  •  a 


(81) 
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Fig.  26.  velocity  change  alcnc  the  axis  of  circular  jet. 


Key:  (1).  Syrhin 


Fig.  27.  Comparison  of  the  theoretical  distribution  of  the  velocities 
in  the  cross  section  of  circular  jet  with  experiments  of  Trupel. 
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Length  of  the  initial  section: 

5',  _  1,03 
a 

Width  of  the  transient  section: 


(82) 


(bit 


Tangent  of  the  convergence  ancle  of  the  boundary  of  the  nucleus  cf 
the  constant  velocities: 
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Divergence  angle  of  the  boundary  layer  of  the  initial  section: 

?  —  Ji  +  *;  =  arctg  (0,96 -a)  -f-  arctg(2,4  a>.  (85. 

width  of  boundary  layer  in  the  arbitrary  section  of  the  initial 
section: 


bn.  c 

b« 


a  •  I?,-?:;- 


R, 


s 


(8b) 


Complete  width  of  the  slot  jet: 


brp  S-f  A„ 

b,  /in  bt 


For  the  establishment  of  the  values  of  coefficient  a  of  slot  jet  we 
do  not  have  available  sc  vast  experimental  material  as  in  the  case  of 
circular  jet.  Therefore  it  is  impossible  tc  establish/install 
dependence  of  a  on  Urn-»  for  the  slot  jet.  Nevertheless,  by  analogy 
with  circular  jet,  it  is  possible  tc  be  confident  in  the  fact  that 
the  coefficient  and  of  the  slct  jet  virtually  not  of  Reynolds's  hall, 
but  it  grows/rises  by  increase  cf  degree  of  irregularity  of  initial 
velocity  field  and  with  an  increase  in  the  initial  turbulence  cf  jet. 
Prom  experiments  of  Portnann,  Ercshura  and  Turbos  we  found  that 
values  a  for  the  slot  jet  with  "natural"  turbulence  oscillate  in  the 
limits: 


a  =  0,09— 0,12. 


In  this  case  the  smaller  values  correspond  to  the  more  uniform 
initial  velocity  fields. 


-*  -NM 
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Velocity  for  the  axis  cf  the  basic  section  of  slot  jet  is 
expressed  by  the  formula  [see  sqcality  (32)  ]• 


1  -2 


I 


In  the  liaits  of  the  initial  section  where 


aS 


1.03, 


axial  velocity  is  constant: 


Page  42. 


«- 

«0 


(88) 


(89) 


In  Fig.  28  is  plotted  the  curve  of  the  axial  velocities  in  the 
initial  and  basic  sections  cf  slct  jet.  Fcr  comparison  of  theory  with 
experiment  Fig.  28  gives  the  experiaental  points  cf  Fortaann,  Turkus 
and  Proskura. 


Moreover: 


for  the  points  of  Fortmarn  is  accepted  ...  a=0.11. 


for  the  points  of  Turkus  is  accepted  ...  a=0.09. 
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for  the  points  of  Prcskura  is  accepted  ...  a-0,  12. 

Pig.  28  attests  to  the  fact  that  the  character  of  theoretical 
curve  of  axial  velocities  alcrg  the  slot  jet  is  confiraed  by 
experiments. 


Pig.  28.  Velocity  change  alcnc  the  axis  of  slot  jet 

Key:  (1).  Proskura.  (2).  Turkes. 
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Pig.  29.  Comparison  of  the  theoretical  distribution  of  the  velocities 
in  the  cross  section  of  slot  jet  with  experiments  of  Portmann. 


Page  43. 


The  theoretical  profile  cf  the  velocities  in  the  cross  section 
of  slot  jet  is  also  confirmed  by  experiment,  of  what  it  is  not 
difficult  to  be  convinced  froi  Eig.  29.  In  Pig.  29  are  plotted 
experimental  the  points  cf  Pcrtaann  which  are  rebuilt  here  from  Fig. 
7.  Is  here  depicted  the  theoretical  curve: 


constructed  with  the  aid  cf  Tables  2. 


A 
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§  7.  On  the  diffusion  of  heat  and  gas  ad airt are s/ia parities  in  the 
free  jet. 

In  the  engineering  practice  frequently  it  is  necessary  to  deal 
concerning  the  free  jets  which  are  ccntaainated  by  gas 
adaixtures/iapurities  and  have  a  teaperature,  different  froa  that 
surrounding. 

The  solution  of  the  problei  abcut  the  propagation  of  gas 
adaixtures/iapurities  and  heat  froa  the  quiescent  air  into  the  jet 
(and  vice  versa)  only  possible  after  will  becoae  known  the  laws  of  a 
change  in  the  teaperatures  and  gas  concentrations  along  the  jet  and 
in  its  cross  sections. 

Experiaents  of  syrkin  shew  that  the  teaperature  fields  of  free 
jet  they  are  similar  tc  its  velocity  fields  1 . 

FOOTNOTE  1 .  In  aore  detail  this  question  exaaines  the  article  of 
Ruden  (Ruden)  see  reference  indicator.  ENDFOOTNOTE. 

Excellently  illustrates  this  pbeccaenon  Fig.  30,  on  which  is  depicted 
the  empirical  curve  of  axial  velocity  and  are  plotted/applied  the 
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experimental  points,  which  reflect  a  change  in  the  temperature  along 
the  axis  o£  jet.  It  must  be  ncted  that  the  temperature  points  express 
the  ratio  of  the  excess  temperature  in  this  place  to  the  excess 
temperature  in  the  beginning  cf  the  jet: 

r-  rno,  __  A  rj 1 

Here  T  -  temperature  in  this  place  of  jet; 

T0  -  temperature  in  the  beginning  of  jet; 

Too*-  temperature  of  locaticr. 
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Pig.  30.  Comparison  of  the  lass  cf  a  change  in  the  velocity  and 
excess  temperature  along  the  axis  of  circular  jet  according  to 
experiments  of  Syrkin. 


Page  fta. 


The  satheaatical  expression  of  the  similarity  of  temperature  and 
high-speed/high-velocity  fields  cu  the  axis  of  jet  appears  as 
follows: 


£7k_  Urn 
^7;  «o 


(90/ 


The  same  condition  in  the  cress  section  of  jet  takes  the  following 
fora: 


if 

a  K 


u 

U. 


(91) 
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One  should  assume  that  the  velocity  fields  are  similar  not  only 
teaperature  fields,  but  tc  the  equal  degree  and  the  fields  of  the 
concentrations: 


A  _  ±T  _  ig 

u«  ^  ^it  80 


(92) 


Here  Ag  -  concentration  difference  in  this  place  of  jet  and 
outside  it. 


Ag„  -  concentration  difference  in  initial  jet  cross-secticnal 

area. 


In  the  first  seven  paragraphs  of  this  work  is  presented  the 
theory  of  free  turbulent  jet.  In  the  subsequent  parts  of  the  work 
this  theory  will  be  used  to  the  development  of  the  aethod  of  the 
aerodynamic  design  of  flat/plare  and  circular  jets  and  to  the 
pernission/resolution  of  a  whole  series  of  the  engineering  problems 
of  those  connected  with  the  jets. 
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Part  II. 

AERODYNAMIC  CALCOLATIOS  OF  FSIE  JET. 

§  8.  General/comaon/total  considerations. 

The  aerodynaaic  design  of  free  jet  is  composed  from  the 
following  eleaents/cells: 

1)  finding  jet  boundaries: 

2)  the  determination  of  the  quantities  of  air,  which  take  place 
per  unit  time  through  differert  cress  sections  of  jet; 

3)  the  calculation  of  the  supply  of  energy  in  different  jet 
cross-sectionals  area; 

4)  finding  the  average  speeds  of  flow  in  different  places  of 

jet. 

Into  the  problems  of  this  section  of  work  enters  the 
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c  on  suapt  ion /product ion/generaticn  of  the  basic  foraulas  of 
aerodynamic  design.  Moreover  is  devaloped/processed  the  aethod  of 
calculation  not  only  of  coiplete  jet,  but  also  its  active  part.  The 
latter  consists  of  initial  £lc«  aass  and  is  called  the  nucleus  of 
constant  mass.  All  other  particles  cf  flow  are  sucked  in  frco  the 
surrounding  space  and  fori  the  connected  flow  aass.  The  aerodynaaic 
design  of  jet  rests  on  the  velocity  distribution  laws  lengthwise 

(l±m.\  and  across  (JL\  ' th«  jets,  which  were  established/installed  in 

V“o/  \un) 

the  theory  of  jet  and  they  were  excellently  confirmed  by  experiaent. 
The  latter  fact  aakes  it  possible  tc  hope  for  the  fact  that  the 
proposed  aethod  of  aerodynaaic  design  will  correspond  to  the  nature 
of  jet  and  it  have  an  applicaticn  in  the  engineering  practice. 

§  9.  slot  jet. 

A.  Calculation  of  complete  slot  jet. 

The  basic  geoaetric  parameters  of  free  jet  are:  divergence 
angle,  depth  of  pole,  length  cf  initial  section  and  width  of  jet.  In 
the  slot  jet,  as  it  was  shewn  in  §  6,  pole  lies/rests  deeper  than  the 
initial  section  on  the  relative  distance  (see  Pig.  31): 

K  _  0,41 
t>9  a 

Length  of  the  initial  section  of  the  slot  jet: 

1.03 
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Tangent  of  the  lateral  (one-sided)  divergence  angle  of  the  slot  jet: 

tg  «  =  2,4-o. 

Half-width  of  the  arbitrary  section  of  the  slot  jet: 


o5 


+  0, 


,41  ] 


The  value  of  the  coefficient  cf  the  structure  of  slot  jet  usually 
varies  in  limits  of  a=0.09-C.  12.  Therefore  the  depth  of  pole,  the 
length  of  initial  section  and  the  divergence  angle  of  slot  jet 
reaches  the  values  of  the  order: 


1°  =4,5 -3,5; 

4s- =  11,5  — 8,5; 

*  =  12°—  16°  >), 
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FOOTNOTE  *,  It  is  nacessary  tc  emphasize  that  a  is  the  lateral 
divergence  angle  o£  jet.  Centxa]  angle  of  its  expansion  - 
2«a=24°-32° •  ENDFOOTNOTE. 


The  quantity  of  air  per  second,  which  takes  place  in  the  arbitrary 
section  of  the  basic  section  cf  flat/plane  jet: 

>rp 

Q=: 2-  (u  db, 

but,  as  is  known: 


ft  =  a(S-j- &„)•<?;  . 
db  —  a-(S-\-h9)-do. 

Hence 


Q  =  2a(s  +  /i,)-um-J 


where  nm  -  velocity  on  the  axis  cf  the  jet 


u 


=/(?)- 


Express  the  air  flow  rate  in  the  portions  of  its  value  in  the  initial 
section: 


?.4 


Frcm  foraula  (88)  is  known  the  dependence  cf  the  axial  velocity  cf 
slot  jet  on  polar  distance  cf  x(  x=S*h0)  : 
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therefore 
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*,4 


Participating  in  this  formula  integral  can  be  calculated  with  the  aid 
of  the  quadratures  according  tc  Tables  1: 


-.4 


thanks  to  which  the  relative  air  flew  rate  by  the  arbitrary  section 
of  the  basic  section  of  slot  jet  is  evinced  by  the  equality: 


<7-1.2-^  -f  0,41  .  ’  (93) 

For  determining  the  volume  of  air  which  f lcws/occurs/lasts  in  the 
arbitrary  section  of  the  initial  section  of  slot  jet,  formula  (93)  is 
unsuitable.  Expenditure/ccnsunption  in  tha  initial  section  is 
composed  of  the  expenditures/ccrsumptions  of  the  nucleus  of  constant 
velocities  and  boundary  layer: 

Q'  =  <?,  -J- <?„. c.  =  2 •  +  2 •  ju ■  - lb . 

6, 

Here  bl  -  half-width  of  the  nscleus  of  constant  velocities, 
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^s  =  *rp-  the  half-width  cf  entire  jet, 


In  §  6  it  was  shown  that: 


b\  =  b0  —  a'-'sj  -S; 
bt  =  ^o~  a'-?'2-S; 

£  =  *0  — a'-c'-S; 
db=-  a'-S-d?'. 

In  the  slot  jet: 

?i=0,57;  ?i=  — 1,93;  a!  —  (,25  a. 

Therefore  expressing  expenditnre/consumpticn  of  Q*  in  the  portions  of 
the  initial  (Q0)  it  is  obtained: 

b,  -  1,93 

«•=■£- 4- -f  ■  ^  =  l-0,56-f -l.25-£. 

Qo  J  u0  bn  b0  b0  J  u0 


with  the  aid  of 


Tabl 


i».7T 


ms  3  let  «s  calculate  the  obtained  integral: 


1.93 


j  u2- 

0.77 


After  the  substitution  of  the  value  of  integral  into  expression  g*  we 
coae  to  the  formula  of  the  relative  air  flew  rate  in  the  arbitrary 
section  of  the  initial  section  cf  the  slot  jet: 

<7'  =  1+0,43^-  (94) 

U0 

Since  the  length  of  the  initial  section  aS0/b0= 1. 03,  then  for  the 
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definition  of  the  air  flow  rate  in  the  cross  section  of  slot  jet  with 
aS/bo^l.03  should  be  utilized  fcriula  (94),  while  with  aS/bo^1.03  it 
is  necessary  to  resort  to  fcriula  (93) .  In  the  transient  section 
where  aS/bo=1.03#  both  of  fcriulas  aust  give  the  identical  value  of 
relative  expenditure/consuapticr. 

Page  48. 

Calculation  shows  that  the  relative  expenditure/consuaption  in 
the  transient  section  of  slot  jet  is  equal  to: 

q'  —  q—  1,44. 

The  coaplote  kinetic  energy  of  slot  jet  in  this  cross  section  of 
basic  section  is  equal  to: 


Proa^able  1  it  is  evident  that  even  with  a=0.12  aaxiaua  value 
does  not  exceed  0. 4o/o  of  u?n.  Therefore  it  proves  to  be  possible  to 
disregard/neglect  tera  (--  V  and  represent  the  kinetic  energy  of 
slot  jet  in  the  following  fcr«: 

-\4 

“ J  d-r. 

u  ♦ 

Expressing  kinetic  energy  in  this  section  in  the  portions  of  kinetic 
force  in  the  initial  section,  we  obtain: 
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But 


U 


Therefore  the  relative  kinetic  energy  of  slot  jet  in  this  section  of 
basic  section  comprises: 


e 


0.94 


(95) 


Por  calculating  the  kinetic  energy  of  jet  in  the  initial  section 
we  will  use  the  fact  that  it  consists  of  the  kinetic  energies  of  the 
nucleus  of  constant  velocities  and  boundary  layer: 


f  1  f  ,  h  "o  •  f  u3 

■  — .c,  —  c„.  c  -  2-rbx-  2  - 


■  db. 


relative  value  of  kinetic  eneigy  within  the  initial  section  is  equal 
to: 

E‘  b , 


ff-M  • 

Eq  b,  J  \  u,  ) 


db. 
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Above  it  was  shown  that: 
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e'  —  I  —  0,21  •  ■  (96) 

During  the  aerodynaaic  calculation  of  jet  cne  ought  not  to  forget 
that  in  region  aS/bo^l.03  is  suitable  formula  (96),  whereas  in  the 
region  aS/bo^-03  is  suitable  formula  (95)  .  In  the  transient  section 
of  slot  jet  (aS/go=1.03)  cf  fcraula  (96)  and  (95)  give  the  identical 
values  of  the  relative  supply  cf  the  energy: 

e'  =e  =  0,784. 

The  value  of  the  average  speed  in  the  cross  section  of  jet 
depends  on  the  law  of  averaging.  For  the  aercdynanic  design  of  jet 
are  of  interest  two  methods  of  cbtaining  the  average  speed.  One  of 
them  gives  average/aean  by  the  area  velocity,  another  -  average/aean 
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according  to  the  expenditure/ccnsumption. 


Averaging  velocity  by  the  area,  we  obtain  for  the  basic  section 
of  slot  jet  the  following  expression: 


Above  it  was  established  that: 


2. 4 


Page  50. 


This  shows  that  in  the  region  of  the  basic  section  of  slot  jet  the 
average/mean  by  the  area  velocity,  being  it  is  divided  into  the  axial 
velocity,  is  equal  to  the  ccastant  value: 

•  -—-  =  0,41.  (97) 

“m 

Somewhat  more  complicate  cl j  proceeds  matter  in  the  initial 
section. 


Here: 
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fa  |  —  bj_Un  _i_  1.  ,  I  a . i 

1  e>li  b.  ^  b.  J 


After  known  conversions,  we  tied: 


-  I.M 

aS  r  u 


“cp/,  _  f-~ p  "■  = 

-  Ho  ii  ■-  *<n  - 1 


1  -  0.9ft  -  -  -  1,25-  ,  ■  I 

K  t> o  ./  «• 


1-2,4- 


Bat,  as  it  was  shown: 

J  i,  •■*•=- U2. 

0.77 

Hence  concluded  the  final  fcraala  of  average/aean  by  the  area 
velocity  for  the  initial  secticc  of  the  slct  jet: 

i  '  >+<*«•■£ 

—55- 1  = - •  (98. 

u»  ji  j  _i_9  4._ 

It  is  not  difficult  to  calculate,  that  in  the  transient  section  of 
slot  jet  formula  (98)  converts/transfers  into  equality  (97) : 

"  u '  ~  U  ] 

I  .•?  =  _=p_  —0,41. 

i.  w0  j  1  -  u m  J  l  » 

Let  us  now  aove  on  to  the  investigation  of  average/aean  according  to 
the  expenditure/consua pticn  velocities.  In  this  case  for  the  basic 
section  of  slot  jet  we  will  have: 


b  rp 

brp 

f  1 

“  T <7 

u  N 

\  -d~ 

1  u-fiQ 

l 

J  l 

Um, 

1 

0 

_ 0 

_ i» 

brp 

brp 

—  —2?r 

It  \ 

umulQ 

iT 

h  -.ib  fi 

ll  ' 

\-d-3 

V 

L 

:!  ■ 

11  m 

f 
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Integration  by  quadratures  fez 


tables 


1  gives: 


Page  51. 


whence  relative  value  cf  the  avezage/mean  according  to  the 
expenditure/consunption  velocity  in  the  basic  section  of  the  slot 
jet: 


(99) 
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For  finding  the  average  flow  velocity  in  the  initial  section 
we  use  equality. 


“o 


«0 


■  Q'-l-fu-dQ 

_ *i 

Q.-Kf*? 

h, 


Here 


1+0,43-^; 

a'  =  1,25a; 

•Pi  =—1,93; 

—  0,77; 


ua 


Because  of  this  the  final  fcrvula  of  the  average/aean  acccrding  to 
the  expenditure/ consumption  velocity  in  the  initial  section  of  slot 
jet  takes  the  following  fcra: 


(100) 


In  the  transient  section  cf  formula  (100)  and  t*9) 
identical  values  of  the  averace/mean  according  to  the 
expenditure/consunption  velocity : 


give  the 
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The  lavs  of  a  change  in  the  axial  velocity, 
expenditure/consuaption  and  kinetic  energy  of  slot  jet  are 
represented  in  the  fora  of  carves  in  Pig.  32.  The  laws  of  the  average 
speeds,  obtained  via  averaging  by  the  area  and  according  to  the 
expenditure,  are  depicted  fcr  Pig.  33.  Pig.  33  and  32  are  constructed 
according  to  foraulas  (93),  ($4),  (95),  (96),  (97),  (98),  (99),  and 

(100)  . 

B.  Calculation  of  the  nucleus  of  the  constant  aass  of  slot  jet. 

By  nucleus  of  constant  aass  we  understand  that  part  of  the  jet, 
in  any  section  of  which  tie  relative  air  flew  rate  is  equal  to  unity 

(?,  =  !).. 
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Condition  qa-=--l  gives  the  possibility  to  determine  the  geonetric 
configurations  of  the  nucleus  cf  constant  aass.  Let  us  cospose  for 
this  the  formula  of  expenditure/ccnsumption  in  the  basic  section  of 
the  nucleus  cf  the  constant  mass: 


Tfi 
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footnote  *.  This  foraula  is  ccaprised  by  analogy  with  the  equation 
diverging  of  ccnplete  slot  jet*  EHDFOCTNOTE. 


Whence,  utilizing  condition  g„  =  l,  we  will  obtain: 


.4, 


0,833 


aS 


+  0,41 


(101  i 


* 


Fig.  32.  Curves  of  a  change  in  the  axial  velocity, 

expenditure/consueption  and  kinetic  energy  along  the  length  of  slot 


Pig.  33.  Curves  of  a  change  is  the  average/nean  in  area  («cpl)  and 
average/aean  according  to  expenditure/consuapticn  («<pJ)  velocities 
along  the  slot  jet. 

Page  53. 

with  the  aid  of  expression  MCI)  can  be  calculated  the  half-width  of 
the  nucleus  of  the  constant  aass  of  the  slot  jet: 

+MI]-  <,<K' 

The  order  of  calculation  ^  aust  be  the  following: 


1)  after  assigning  value  cf  aS/b0«  we  deteraine  value  &t. 
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2)  With  the  aid  of  Tables  f  cr  Pig.  34,  in  which  is  given 
dependence  A  =/(*„) l).  w«  find  ?a  =  0(^,). 

FOOTNOTE  Table  5  is  calculated  by  the  aethod  of  trapezoids 
according  to  Tables  1.  ENEPCCINCTE. 

3)  Through  foraula  (102)  we  find  . 
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-4, 


0 


l?.]«=/M,)  =  0,86; 


0,685; 


In  the  work  of  the  anther  lAero dynamics  of  flow  in  open 
wind-tunnel  test  section",  h,  1,  page  25  is  shown  that  the  boundary 
cf  the  nucleus  of  the  ccnstant  mass  of  the  initial  section  of  free 
jet  is  rectilinear. 


Let  us  find  the  ordinate  cf  this  boundary  _3'.  For  this  let  us 

*  <s 

compose  the  expression  of  the  half-width  of  the  nucleus  of  the 
constant  mass  of  the  initial  section: 


b,  .  a'S  '.  ■  aS 

—  =1—  •  1-1,25- 


In  transient  section  (aS/fc0=  1 . 03) : 


[*i]r[£l“1,24. 


whence 


—  0,18.  (103) 

Thus,  the  half-width  of  the  nucleus  of  the  constant  mass  cf  the 
initial  section  of  slot  jet  is  expressed  by  the  formula: 


6, -I +0.225- 


(104) 


Fig.  34.  Auxiliary  functions  fcr  the  aerodynamic  design  of  the 
nucleus  of  the  constant  nass  cf  slot  jet. 
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Relative  supply  of  energy  cf  the  basic  section  of  the  nucleus  of 
the  constant  nass  of  the  slct  let: 


e.  = 


1.73 


?« 

)V: 


d*. 


The  values  of  the  integral 


•4,- 


/fef- 


are  calculated  according  to  "Tables  1  and  are  given  in  Table  5  and 


P"*  ""WiT 
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Pig.  33.  Thus,  knowing  '■?«—  /|^j,  net  difficult  tc  find  value  of  A3 
and  to  deteraine  the  relative  supply  of  energy  of  the  nucleus  of  the 
constant  aass  of  the  basic  section  cf  the  slot  jet: 


I,73fc1j 


ras~ 


(105) 


I' 


t-  0,41 


Energy  of  the  nucleus  of  the  ccrstant  aass  of  initial  section  will  be 
located  fro a  the  formula: 


-0,18 


o.r: 

aith  the  aid  of  the  quadratures  through  Katies  3  we  find  the  value  of 
the  integral: 


-0,18 

—  |  •  d~J~— 0,55. 

«• 


-0 

/[ 


Hence  relative  energy  of  the  nucleus  cf  constant  mass  in  the  limits 
of  the  initial  section  of  slot  jet  appears  as  follows: 


e,  =1  -0.275- 


(106) 


It  is  logical  that  in  basic  section  (aS/b0>^,  03)  should  be  used 
formula  (105),  3.n  the  initial  section  -  by  formula  (106).  In 
transient  jet  cross-secticnal  area  both  of  formulas  are  equivalent. 
Here: 

*.  =  *;=*  0,715. 

The  average/mean  according  tc  the  expenditurs/consuaption  velocity  in 


2 
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the  nucleus  of  basic  section  is  expressed  by 


the  equality: 
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<K 

Values  A  ^»=/a'?.)  are  calculated  according  to  tables  1  and 

are  given  in  table  5  and  Fig.  34.  Using  then,  it  is  possible  tc 
calculate  relative  value  cf  tie  average/nean  according  to  the 
expenditure/consunption  speed  in  any  place  of  the  nucleus  of  basic 
section. 

In  the  initial  section: 

b'  ,  r  f  u  V  db 

ru  ~  b'‘  J  \  "»/  b» 

jp  ,  __  »i _ 

-  uo  J**  .  Q„ 

However,  the  basic  property  of  the  nucleus  of  constant  aass  consists 
in  the  fact  that  g'  =  l. 

Therefore 


u 


CP 


.  .21 


1  —0.9b  ■ 


•  d-J. 


The  integral,  which  is  contained  in  this  expression,  can  be 
calculated  according  tc  the  aetfccd  cf  trapezoids  with  the  aid  of 
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tables  3: 


-0.1* 


Thus,  the  average/aean  according  to  the  expenditure/consuaption  speed 
of  the  nucleus  of  constant  oass  in  the  initial  section  of  slot  jet  is 
equal  to: 


■“?pl  =  1  -  0,16  • 

_  u„  :n  b„ 


(108) 


In  the  transient  section  cf  slct  jet  «e  obtain  the 

following  value  of  averagc/ieac  according  to  the 
expenditure/consuaption  of  th«  speed  of  nucleus  constant  eass: 


0,835. 
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Fig.  35.  tans  of  change,  width  (^)*  kinetic  energy  and  average  speed 
in  the  nucleus  of  the  const ant  aass  of  slot  jet. 

Page  57.  At  conclusion  of  the  aerodynamic  design  of  slot  jet  we  give 
Fig.  35,  in  which  are  plotted/a pFlied  the  curves  of  relative  width, 
kinetic  energy  and  average/aean  according  to  the 

expenditure /consumption  of  the  speed  of  the  nucleus  of  constant  mass 
slot  jet.  The  curves  Fig.  35  arc  calculated  according  to  formulas 
(101) -(108)  . 

§  10.  Circular  jet. 

Proa  the  fundamental  side  the  aerodynamic  design  of  circular  jet 
in  no  way  differs  from  the  aerodynamic  design  of  slot  jet.  The  at  the 


1 
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same  time  basic  formulas  of  calculation  acquires  somewhat  different 
form. 

A.  Calculation  cf  complete  circular  jet. 

The  pole  of  circular  jet  (Fig.  36)  lies/rests  deeper  than  the 

initial  section  at  a  distance: 

K  _  0.29 
Ra  a 

The  length  of  the  initial  section  of  circular  jet  is  equal  to: 

S0  _  0,67 
R..  ~  '  "a  ' 

The  tangent  of  the  lateral  divergence  angle  of  circular  jet 
comprises: 

tg  i  —  3.4  •  a. 

A  radius  of  the  arbitrary  section  of  circular  jet  is  determined  by 
the  formula: 

/?, .  aS 

lp  =  3,4.  ^p  +  0.29  . 

The  coefficient  of  the  structure  of  circular  jet  is  the  value  of 

order  a=0.07.  Because  cf  this  the  depth  of  pole,  the  length  of 

initial  section  and  the  lateral  divergence  angle  of  circular  jet  have 

values  of  the  order:  4,0: 

*'0 


I 


Fig.  36.  Diagran  of  circular  jet. 
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The  guantity  of  air  per  second,  which  takes  place  through  the 
cross  section  of  the  basic  section  cf  circular  jet,  is  equal  to: 

*rp 

Q  —  /  u-2*RdR. 

However,  * 

/?  =  a  •  (S +  //„)•  s; 

dR^=a-{S  +  li0)-d’?. 

Therefore  ,  ,  ?rp”M 

Q  =  2-s-a*-iS-r /'»)'-'•«.  I  —-  z  d*. 

J  ' 


Express  is  the  air  flow  rate  in  the  portions  of  its  value  in  the 
initial  section,  then: 


•  A 


As  noted  in  §  6  *,  relative  value  of  the  axial  velocity  of  circular 


DOC  *  81 037604 


PAG! 


/s/ 


jet  depends  on  S: 


0,96 


0,96 


“•  •£+“£  £+<>;» 

n®  *\q 


FOOTMOTE  ».  See  formula  (77).  E ICFOCTNOTE. 


Hence  we  obtain: 


Using  table  2,  ve  coapute  by  tie  aethod  of  trapezoids  the  integral: 


1,4 

I  jji-s '•</»=  1,138. 


After  the  substitution  cf  its  value  into  equality  q,  we  come  to  the 
formula  of  the  relative  air  flew  rate  in  the  basic  section  cf  the 
circular  jet: 

<7  =  2.18-  (^-j-0,29).  (109) 

The  air  flow  rate  in  the  initial  section  of  circular  jet  can  be 
represented  in  the  fora  of  the  sum  cf  the  expen ditures/consumpticns 
of  the  nucleus  of  the  constant  velocities  and  the  boundary  layer: 

Q'  =  <?,  +  <?„.<  -  a  •  R\  ■  V -r  2  •  -  •  I  *  •  R  ■  dR, 
her®  -  nuclear  radius  cf  constant  velocities; 


Rt  —  Rrp—  radius  of  boundary  laysr  edge. 
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It  is  known  (see  §  6)  that: 


R^Rt-a'S. 
dR  —  a!  •  5 .  d'sf"  * 
Rx-R.-a.'S?], 
/?»  =  /?.  —  a'-S-oj. 


Furthermore,  as  it  was  estafclisbed/installed  in  §  6: 

?,  =  1,17;  ?;  =  —  2,67;  a  =1,28-0. 

Thus,  if  we  express  expenditure/consumpticn  of  Q*  in  the  portions  of 
the  initial  (Q0)  ,  then  it  will  te  obtained: 


.  ,  ru_  RdR  _ 

9  Qo  L/?o|+2  J  d, 


-  ,  - 1,5  ■  •  fi  -  *•+*»  •  l^r  •  J  «„  •  »■  •  * 

i.ir  u: 


-2,67 

a.S  /’  U  ' 


aS]-‘ 


Calculation  with  the  method  of  quadratures  on  Table  4  leads  to  the 
following  values  of  integrals: 


—  2,87 


1.17 
—  2.67 


1,17 


d-i  =  —  0,282. 


Peplacing  integrals  by  numbers,  concluded  the  formula  of  the  relative 
air  flow  rate  in  the  initial  section  of  the  circular  jet: 
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Formula  (110)  gives  the  possibility  to  perform  calculations  in  region 

(j^'  dS 

p-  O.H..  However,  in  the  regicr  ^>(1 67  -  is  suitable  for  aula  (109). 
After  calculating  for  the  trarsient  section  of  circular  jet,  we  are 
convinced  of  the  fact  that  here  both  formulas  give  the  identical 
values  of  the  relative  ezpenditore/consumption: 

q‘  =  q  —  2,10. 

The  relative  supply  of  energy  in  the  basic  section  of  the 
circular  of  strings  is  measured  by  the  value: 

*Tp 

2- )  u*-fc-dR  .  •  p=3< 


By  means  of  table  2  we  find: 

w 


/[; 


~-J  •  ?  •<*?  — 0,331. 
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In  the  series/row  with  this  it  is  known: 


um  _  0,96 

* 

Utilizing  that  presented,  we  obtain  the  final  form  of  the  equation  of 
the  relative  supply  of  energy  ir  the  basic  section  of  the  circular 
jet: 


0,59 


aS 


L0,29 


(111) 
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Supply  of  energy  in  the  initial  section: 


FJ 


HfcWtfJT- 

—  2,hT  —  J,*»7 

,  ,  .  aS 1  , '  aS  r  u  3  ,  ~  oc  aS!  //  «  \3  ,  .  , 

-  1-1.0  .(0-3.28.  JJ-  J  („J  "f*. 


Definite  integrals  we  coipute  iy  quadratures  on  Table  4: 


|  —  •  d'~'  =z  —  0,7t  5. 

t  //„ 

-?.6: 

I  ~  0,480. 

/  '*0  . 


The  replacement  of  integrals  ty  numbers  leads  to  the  formula  of 
relative  kinetic  energy  in  the  initial  section  of  the  circular  jet: 


e'  —\  —  i  o3  -  ^  -pO.68  •  ~ 
t'0 


aS 


(112) 


It  is  logical  that  when  g--.0,67  is  utilized  foraula  (112).  At  the 

*n» 

sane  tine  when  ‘^-^  0,67  they  resort  to  for»ula  (111).  In  the 
transient  section  of  circular  jet  both  of  formulas  are  suitable  to 
the  equal  degree.  For  the  transient  section  we  obtain: 

e'  —  e  =  0,615. 


The  average  speed  by  the  area  in  the  basic  section  of  the 


circular  jet: 


r*rp 


ip  ' 

.  J . 


I  u-  2-.  R  JR 


3.4’-  [^-0,29 


?r„  =  34 


‘  7  77„ 


H 
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but 


ii  4 


U 
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Therefore  relative  value  cf  the  average/aean  by  the  area  speed  in  the 
basic  section  of  circular  jet  is  constant  and  equal  to: 


=  0,197. 


013) 


In  the  initial  section  of  circular  jet  average/aean  by  the  area  speed 
will  be  deternined  froa  the  ccrditicn: 


H, 


Thus,  in  the  initial  section: 


|-Q'76f  ~i-32|f  f 

1  ^6,80-^  +  11,56.  [j?T 

'To  I  no  I 


(04) 


Coaparing  formulas  (113)  and  |114)  we  note  that  in  the  transient 
section  of  circular  jet  both  these  formulas  give  the  identical  values 
of  the  average/aean  by  the  area  speed: 


=  0,197. 


Let  us  find  now  average/nean  from  the  expenditure/consumption  speeds 
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In  essence  section  we  will  have  available  the  equality: 


[£],= 


'•r, 

1  U'lQ 
o 

/;rp 

1  u*-R-dR 

0 

Trp 

0 

^rp 

—  *  5_  ~~ 

rp 

?rp 

Um  r  dQ 

u.  f  u-RdR 

u 

/L"-l  '  ' 

By  means  of  tables  2  let  us  calculate  the  integrals: 


)■(£)%. 0,** 

0 


Thus,  the  average/mean  according  to  the  expenditure/consumption  speed 
in  the  basic  section  cf  circular  jet  is  a  constant  value  and  is  equal 
to: 


!«:l=a47- 


Cl  15) 
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In  the  initial  section: 


But,  as  is  known 


rj  =  —  2,67; 

-1,17; 

-  a'  =  l,28-a; 

/[tr— 

?! 

©2 

j’F  “1’  •-'•<^'=  —  0,476; 

J  [  u„ 

,'=l+0,76-|+1.32-[f]!. 

Relying  on  these  relaticnships/ratios,  ve  obtain  the  formula  of  the 
average/ mean  according  to  the  e jpenditure/consumption  speed  in  the 
initial  section  of  the  circular  jet; 


the  numerator  of  formula  (116)  in  the  entire  region  of  initial 
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section  is  close  to  unity.  In  the  beginning  and  at  the  end  of  the 
initial  section  it  is  equal  tc  unity.  Therefore  formula  (116)  can  be 
as  follows  simplified  1 : 


1 


1  -L-0, 76- 


aS 

Ro 


1,32 


1 


aS 

R« 


(U6a) 


FOOTNOTE  1 .  Equality  (116a)  can  be  obtained  directly  from  the 
condition  of  the  constancy  cf  momentum  in  the  jet.  ENDFOOTNOTE. 


Page  63. 

As  one  would  expect,  in  the  transient  section  of  circular  jet 
|  ^  =  ^.67 1  of  formula  (115)  ard  (116a)  they  lead  to  on?  and  the  same 
value  of  the  average/Bean  according  to  the  expenditure/consumpticn 
speed: 


At  conclusion  of  the  aerodynamic  design  of  complete  circular  jet 
we  give  Pig.  37  and  38.  On  the  first  of  them  are  depicted  the  laws  of 
a  change  in  the  axial  velocity,  expendi.ture/consumption  and  energy 
along  the  jet.  On  the  second  -  laws  of  a  change  in  the  averages  in 
area  and  axpenditure/consuapticn  of  speeds.  Fig.  37  and  38  are 
constructed  according  to  formulas  (109)- (116). 


DOC 


Fig.  37.  Laws  of  a  change  in  the  relative  speeds, 

expenditures/consumpticns  and  kinetic  energies  along  the  length  cf 
circular  jet. 


II 


1 

— *  -  • 

■  “■ 

-  A — 

1 

Fig.  38.  Dependence  of  averag«/iean  by  area  and  according  to 
expenditure/consueption  speeds  in  circular  jet  from  relative  distance 
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Relative  expenditure/ccnsuaptien  in  the  basic  section  of  the 
nucleus  of  the  constant  aass: 


however. 


whence 


'/Uh'"5' 


*,=i 


</.—  i. 


0,52 


‘-  +  0,29 


(117) 


Expression  (117)  gives  the  possibility  to  calculate  the  nuclear 
radius  of  constant  aass  in  the  region  of  the  basic  section  of  the 
circular  jet: 

S=(f+ash-  »'•> 


The  order  of  calculation  u"  aust  be  the  following: 

“o 


aS 


1.  By  assigned  value  is  deterained  value  B} . 

*V> 

f»r 

2.  Proa  table  6  or^39#  ir  which  is  given  dependence 
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/ff 


they  find  appropriate  value  = 


POOTHOTE  *.  Table  6  is  calculated  with  the  aid  of  the 
according  to  tables  2«  ENCPCCTNCTE- 


Ra  i  \ 

3.  By  foraula  (117)  they  find  R0  ~v  ~R^ )’ 


transient  section  of  the  circular  jet  where 


aS 

Ro 


0.67, 


II 


(».],« 1,2& 


quadratures 

In  the 
we  have: 


Fig.  39.  Auxiliary  functions  fcr  the  aerodynamic  design  of  the 
nucleus  of  the  constant  aass  cf  circular  jet. 


Cl  Cl 
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Table  6. 


ru 

ii 

*-/U 

I  0 

0 

0 

0 

0 

0.1 

0,005 

0,005 

0,005 

0,2 

0,019 

0,019 

0,018 

0,3 

0,043 

1  0,041 

0,039 
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2.6 

2.7 

•,067 

1,101 

0,5  '4 
0.535 

0.330 

0,330 

2.8 

2,9 

1.112 

1,120 

0335 

0335 

0,330 

0.330 

3,0 

3.1 

|  *  1.126 

1  1,131 

0,535 

0,535 

0,330 

0.330 

3.2 

3.3 

I  ’.133  ; 

!  1.135 

0,535 

0.535 

| 

0,330 

0,330 

3.4 

i  1,136 

0,535 

0,330 
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Daring  the  developaent  of  the  aerodynanic  design  o£  the  nucleus 
of  slot  jet  we  indicated  that  in  the  Halts  of  initial  section  the 
boundary  of  the  nucleus  of  cctstant  aass  was  rectilinear.  The 
relative  ordinate  of  this  boundary  -  ?„•  Then  the  nuclear  radius  of 
the  constant  aass: 


In  the  transient  section: 


—'.'A  .  ....  1  —  1  28  ■ 

R„  r"  ’  Rn 


-'•***  Z~0'67- 

f.  —  —  0,25. 


(119) 


Whence 


Utilizing  equality  (119),  concluded  the  formula  of  the  nuclear  radius 
of  constant  aass  for  the  initial  section  of  the  circular  jet: 


(120) 
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The  relative  kinetic  energy  of  the  nucleus  of  constant  mass  in 
the  basic  section  of  circular  jet  is  equal  to: 

Above  was  indicated  the  method  cf  finding  However,  integral 


values: 


1  (£)%•<»-/<?> 


are  calculated  according  to  tables  2  and  they  are  given  in  Table  6 
and  Fig.  38. 


Let  us  find  the  now  relative  kinetic  energy  cf  the  nucleus  cf 
constant  mass  in  the  initial  section: 


.  ,  ,  aS  1*  _c  aS  r  (  u  \*  ,  . 

=  '-‘*x  ~2'a6-X'J 


aS  I-  T)  u  V> 


-3'JS'  -«  '  U )  ■*■** 


The  numerical  values  of  integrals  let  us  determine  on  Table  4; 


0,728; 


— 

/  (  i  )V^— M«a 
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on  the  basis  of  this,  we  will  cttain  the  following  foreula  of  the 
relative  kinetic  energy  of  the  nucleus  of  constant  aass  in  the 


initial  section  of  the  circular  jet: 


In  the  transient  section  fcraula  (122)  aust  lead  to  the  saae 
value  ea,  as  fcraula  (121). 


Producing  the  appropriate  calculations,  we  are  convinced  of  this. 
Thus,  with  (aS/R0)  =0.67; 

e„  r=ea~  0,515. 

The  average/aean  according  to  the  expenditure/consumption  speed 
in  the  nucleus  of  the  tasic  sacticn  of  circular  jet  is  expressed  by 
the  equality: 

Wcp 

In  this  case  integrals  Bg  and  E|  should  be  borrowed  froa  Rafale  6  or 
Pig.  38. 


The  average/aean  according  to  the  expenditure/consuaption  speed 
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I 


of  nucleus  in  the  initial  section  will  be  located  fron  the 
expression: 


Containing  in  this  expression  integrals  it  is  net  difficult  to 
calculate  according  to  Table  4: 


—0.25 

f  °'876: 

1.17 

-0.25 

I  (  —  f-'i'-'h'  —  0,544. 

\  «a 

i.f  r 


Hence  average/mean  according  to  the  expenditure /consumption  speed  of 
the  nucleus  of  constant  aass  it  the  initial  section  of  the  circular 
jet: 


u 


aS 


aS 


T  1-0.76.  +  0.47- |-o- 


Ro  - 


1124) 


In  the  transient  section  where  occurs  coupling  of  initial  and  basic 
sections,  fcraulas  (124)  and  <123)  give  the  identical  values  of  the 
average  speed: 
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Part  III. 

EXAMPLES  OP  APPLICATIO N  OF  FBI!  EOOHDARIES  THEOHY. 

1 .  Air  curtain. 

The  production  process  cf  sane  industrial  constructions  (depot, 
hangars,  garages,  etc.)  requires  the  periodic  opening  of  enoraous 
openings  (gates)  vithin  the  external  walls. 

In  the  winter  tine  through  these  open  openings  are  dug  in  the 
considerable  nasses  of  surrounding  air,  which  call  the  intense 
cooling  of  working  location.  Fight  with  the  cold  by  aeans  of  the  heat 
installation  under  given  conditions  proves  to  be  not  profitable, 
sines  it  requires  colossal  power  expenditures. 

Therefore  usually  instead  cf  the  thermal  compensation  of 
cooling,  we  try  to  overcoae  tie  the  self-digging  of  surrounding  air. 
One  of  the  acst  rational  methods  cf  aechanical  protection  froa  the 
incidence/impingement  of  cold  air  into  the  loeatien  is  air  curtain. 
The  operating  principle  of  ait  curtain  consists  of  the  following.  In 
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the  floor/sex  directly  before  the  open  gates  (Pig.  41)  is  had 
available  the  slit-shaped  air  duct  frca  which  escape /ensues  the 
inclined  (at  angle  a  to  the  place  winch)  slot  jet  of  air  with  initial 
velocity  u0.  The  wind  current  cf  surrounding  air.  woving  with  speed 
v0,  encounters  jet  and  the  aia  is  to  bend  it  to  the  side  assignaent. 
Under  the  action  of  the  wind  the  jet  is  bent,  and  its  curvilinear 
aerodynamic  axis  intersects  with  the  plane  winch.  If  intersection 
will  lie/rest  higher  than  the  gates,  then  building  will  be  coapletely 
shielded  from  the  incidence/i apitgeaent  in  it  of  surrounding  air.  But 
if  intersection  is  arranged  below  top  winch,  then  the  protective 
action  of  air  curtain  will  be  only  partial,  since  in  this  case  cold 
air  will  penetrate  in  the  building  through  the  clearance  between  the 
intersection  and  the  top  winch.  The  particle  trajectory  of  the  bent 
jet  can  be  obtained  by  the  gecietric  addition  of  the  flows  of  the 
slot  jet  and  wind.  Por  this  it  is  necessary  to  know  each  of  the  flows 
indicated  individually.  It  is  logical  that  the  wind  current  on  the 
basis  of  one  or  the  other  considerations  it  is  possible  to  assign. 
However,  the  laws  of  the  course  cf  slot  jet  are  studied  in  the  first 
two  parts  of  this  work. 
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Fig.  41.  Diagraa  of  air  curtain. 


Pa^e  70. 

Thus,  are  available  all  necessary  prerequisites/premises  for  the 
solution  of  the  probles  afccut  tfce  air  curtain.  Coeparatively  large 
volume  of  this  of  problea  forced  us  tc  make  by  its  thene  of  separate 
investigation.  In  this  exaaple  we  will  exaeine  cnly  approxiaate 
solution  of  the  equation  cf  the  aercdynaaic  axis  (axis  of  maxiauo 
speeds)  of  air  curtain.  Per  tlis  purpose  let  us  replace  true  jet  with 
the  fictitious  jet  whose  particles  aove  with  average/aean  in  flow 
rate  (u*p)  true  jet  velocity.  Jet  direct  at  angle  a  to  the  plane  winch 
(Fig.  41)  . 


Y  axis  let  us  arrange  hciixcntally  and  direct  against  the  wind 
X  axis  let  us  combine  with  the  plane  winch  and  direct  upward.  Wind 
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velocity  we  will  consider  tiae-ccnstant  and  on  the  height/altitude  », 


POOTHOTE  »,  The  fundaaental  side  of  matter  certainly  will  not  change, 
if  we  take  any  other  distribution  of  the  speeds  of  wind.  ENDFOCTNOTE. 


The  posed  problea  can  be  foraclated  as  follows.  To  find  the  equation 
of  bent  axle  of  ait  curtain  [y-f(x)  },  if  are  known  wind  velocity 
(v0-const)  and  law  of  a  charge  it  average/aean  in  the 
expenditure/consunption  of  speed  initial  slot  jet  [««p  =«„*(*)  1- 
■producing  the  gecaetric  addition  of  the  wind  current  and  jet,  we  will 
obtain  the  following  components  cf  the  speed  of  the  air  curtain: 


——  ~  l  =  u, 
/ft  “ 

(lx 

lit 


,  =  «cp  •  Sin  a  —  v,„  j 

\ 

I 


~VM  —  u  cp  ■  cos  a. 


(125) 


’he  differential  equation  of  the  axis  cf  curtain  will  appear  thus: 


«y 

dx 


V„ 

tg  «  —  - -  - . 

COS 


(126) 


Proa  the  aerodynaaic  design  of  slot  jet  {§  9)  are  known  the  following 
foraulas  of  the  average/aean  according  to  the  expenditure/consuaption 
speed: 


DOC  *  81037604 


PIG  E 


a)  in  initial  section 


(f  •‘•03): 


**cp 

«o 


1 


1  -f  0,43 


aS  ’ 


b)  in  basic  section  1  a $ 


(k  >•■“)= 


=  "cp- .  =  0,685-—  - — — 


uo  «.  “o  j/^+0,41 

Here  S  -  distance  from  the  beginning  of  jet  to  its  given  section. 


b0  -  half-width  of  initial  jet  cross-sectional  area  (half-width 
of  exit  slit  of  the  air  duct  cf  curtain) . 


In  this  case  when  the  plane  of  jet  straddle  x ,  it  is  necessary 
to  keep  in  Bind  that: 


5  = 


x 


cos  « 


Page  71, 


Thus,  in  the  initial  section  cf  the  air  curtain 


1  —  0,43  •  - 


a-x 
bn  cos  * 


(127a) 


In  its  basic  section: 


'  r~ 


0,82  ■«„ 


./  a-x 


1/  -j—-— - -  0,41 

V  b„  COS  a 


(127b) 
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The  boundary  between  the  basic  acd  initial  sections  passes  to  the 
point: 


a-x 

b0cosi 


1,03. 


(127c) 


Expressions  (127a),  (127b)  and  (127c)  give  the  possibility  to  solve 
differential  equation  (126) .  let  us  solve  it  first  for  the  initial 
section  of  air  curtain. 


Here: 


rfy 

dx 


tga 


V,, 


COSa-H„ 


(  1  -f-  0,43  •  -v  — — -  :  ) 
\  ^  V cos  a  / 


Let  us  introduce  the  designations: 


Then 


H he nee 


=  ay 
y  b„-  cos* 


X  — 


V  = 


( • 


ax 

6„- cosa 

— | 
«0  COS  a  J 


M. 

dx 


tg  a  —  v  —  0,43  ■  v-x. 


y  =  tg  *x  —  v  •  x  -0,215-  v-x 7  —  c, 


(128) 

(129) 


It  is  not  difficult  to  surmise,  that  with  r=0: 

j-  M 

Q  ^  0  Q  — —  Q 

Hence  we  obtain  the  final  equation  of  the  axis  of  the  initial  section 
of  the  air  curtain: 

y  =  tga-x  —  v  x  -0,215-  v  x:.  (130) 
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At  the  end  of  initial  section  (x=1.C3)  ve  obtain  the  following 
ordinate  of  air  curtain: 

1,03-tga  — 1.26  •«,.  (131) 

Let  us  find  now  the  equation  of  the  axis  of  the  basic  section  of  air 
curtain.  In  this  case: 

—  tg  a  -  1 .22  •  v  ■  y  x  -j-0,41  •  (132) 

UX 

Whence 

y  —  tg  s-x  —  0,81  •  v  (x  -r  0,41 )  '-p  £»•  (133) 

Page  72. 

In  the  beginning  of  basic  section  (x=1.03)  and  at  the  end  of  the 
initial  section  the  ordinates  cf  curtain  oust  coincide: 

However,  with  x=1.03;  ^,,=  1,03-tgi  — 1,41  <r.; 

y„  =  1,03  -tg  i  —  1,26  -v. 


Therefore 


ct  =  0,15  ■  v. 

Thus,  the  equation  of  the  axis  cf  the  basic  section  of  air  curtain 
takes  the  following  fora: 

y  --  tg  »•  x  —  0,81  -v- (*-l-0,41)  =-f  0,15-r.  (134) 


However,  during  finding  of  the  trajectory  cf  the  axis  of  air  curtain 
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should  be  first  determined  the  ordinate  of  transient  section  (y0=Fo# 
and  then  in  region  x<1.03  perform  calculations  according  to  the 
formula  (130)  ,  in  the  region  x>1.03  -  according  to  formula  (133). 

Is  recommended  the  fcllcwitg  order  of  the  determination  of  the 
trajectory  of  the  axis  of  the  air  curtain: 

1.  To  select  initial  values  -  a0,  v0,  u„,  bor  a  and  to  calculate 
^(Vo/Uq  cos  a); 

2.  To  assign  different  values  of  x  and  to  find  the  appropriate 
values  of  x=(a«x/b„  cos  a); 

3.  Prom  equations  (130)  and  (133)  to  find  values  of  y=f(x); 

4.  To  calculate  the  appropriate  values  of  y=(y»b0*cos  a/a); 

5.  To  construct  the  unkccwc  curve  y=f  (x) . 

It  is  necessary  to  note  that  for  designing  the  air  curtain  there 
is  the  greatest  interest  in  a  question  about  its  range,  ncreover  by 
range  we  understand  distance  frci  the  bottom  winch  to  the 
intersection  of  the  axis  of  curtain  with  the  plane  winch.  Ordinate  of 
intersection: 


\\  o. 
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Therefore,  the  range  of  curtain  is  determined  by  the  condition: 

0  =  tea*-V„  —  0,81-1'  •(*«-+- 0,41)  >4-0,15-  v.  1 135) 

Atteapting  to  siaplify  linings/calculations,  let  us  disregard/neglect 
the  low  values  (0.41  and  0.15  v)  r  then: 

.x  •—  1.5-  —  1.5*{  \  -sin5s.  (136) 

\VJ 

Let  us  designate  distance  frca  the  bottom  of  winch  to  the 
intersection  of  curtain  with  the  plane  winch  by  letter  H.  Therefore 
the  final  equation  of  the  range  cf  the  air  curtain  will  take  the 
following  fora: 

/y  __  •*„  ■  /»,,  ■  cos  * 
a 

or,  that  the  same  , 

=  *°  •  j  W‘1  \  *sins  i-cos  a.  (137) 

b 0  a  \  x<„  / 
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Let  as  find  .o,  such  a  .alas  cf  ths  angle  ol  the  1st  iacliaatioa  («) . 
„ith  which  air  curtain  sill  pcassss  aariaua  range.  It  is  cb.roos  that 
this  value  of  angle  «  ccrresjctds  to  the  condition: 


<!H 

fix 


:  0. 


whence 


i.e. 


2 -cos-  x  —  sin- 1  =  0. 
tU*  =  1,41. 


Thus,  the  angle  of  the  aaxieu.  range  of  the  air  curtain: 

*0pt  —  arctg(l,41)  ^54"  40'.  (1-8) 

II  ..  substitat.  this  .alas  ot  angle  «  iatc  etpression  U3  7)  .  thsa 
.ill  bs  obtained  ths  foraula  ct  tbs  aariaa.  range  ol  the  curtain: 


H, 


max 

b. 


0,58  /  y 

a  .  vo  ) 


(139) 


»t  assigned  .ind  .slocit,  it  is  possible  tc  attain  an  increase  in  ths 
range  ol  curtain  either  due  tc  as  increase  in  the  »idth  o£  let  (b0) . 
or  due  to  an  increase  in  the  discharge  .slocity  (u„>.  bet  us  note 
that  fro.  an  energy  point  of  .ie.  it  is  profitable  tc  co.bine  the 


M 

i  i 
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large  width  of  curtain  with  the  low  speed  cf  discharge.  About  this 
testifies  equation  (139),  in  which  velocity  (u0)  is  contained 
squared,  and  width  (b0)  -  tc  the  first  degree. 

In  conclusion  it  is  necessary  to  indicate  the  fact  that  for  the 
first  tiae  the  problea  abcut  the  air  curtain  was  solved  by  eng.  V.  V. 
Baturin  *. 

FOOTNOTE  ».  See  V.  v.  Baturin  atd  I.  A.  Shapelev.  Air  of  curtains, 
the  journal  "heating  and  the  ventilation"  of  No  5,  1936.  ENDFOOTNOTE. 

Bith  the  solution  of  this  problea  V.  V.  Baturin  used  the 
formulas  of  average/aean  ty  the  area  jet  velocity.  It  was 
subsequently  established/instal ltd,  which  acre  substantiated  to  use 
average/aean  according  to  the  flew  rate  velocity,  thanks  to  which  was 
required  to  rework  the  calculation  of  air  curtain.  By  this  is 
explained  the  fact  that  the  results  of  our  solution  differ  from  the 
results  of  deciding  7.  7.  Baturin. 

2.  Resistance  of  the  labyrinth,  seal  of  blower. 

The  internal  pressure  cf  air  blcver  usually  differs  froa 
atmospheric.  Due  to  this  cccuzs  constant  air  leakage  through  the 
clearance  between  wheel  and  jacket  cf  blower.  For  the  reduction  cf 
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,ha  sixes/di.ensions  o£  leakage  to  ole.raao.  the,  atte.pt  to  shape  in 
the  for.  of  the  l.h,ri»tb  .Mob  oreat.s  resl.tahoe  to  .otioh  of  air 
aad  it  i. pedes  the  for.atiov.aocation  of  larger  flo.  rat,  thro.gh 
the  clearance.  The  diagra.  of  the  cell  of  labyrinth  is  depicted  in 

Fig.  42. 


Coaplete  labyrinth  seal  consists 


of  the  series/rov  of  the 


consecutive  cells. 
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Fig.  4.2.  The  aerodynamic  configuration  of  flow  in  the  cell  of 
labyrinth. 


Page  74. 

It  is  logical  that  resists rce  cf  labyrinth  is  equal  to  the  sum 
of  resistances  of  separate  cells.  Therefore  fcr  the  analysis  of 
resistance  of  labyrinth  it  suffices  to  examine  resistance  of  one 
cell.  The  physical  essence  cf  flew  in  the  cell  of  labyrinth  is 
reduced  to  the  following:  from  slot  1  sscape/ensue  into  the 
chamber/camera  2  airstreaas  with  a  a  velocity  of  of  u„.  Being  spread 
in  the  chamber/camera,  jet  is  expanded  and  mixes  to  itself  the 
particle  of  the  surrounding  stagnant  air.  At  the  end  of  the 
chamber/camera  from  the  jet  is  isolated  the  nucleus  of  constant  mass, 
which  gathering,  flows  into  slot  3.  The  connected  masses  of  air  scale 
from  the  nucleus  and,  undergoing  backward  motion  along  the  chamber 
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walls,  again  they  are  nixed  tc  the  active  jet.  Conceal  by  fora,  free 
flow  (Preistrahl)  in  the  cell  cf  labyrinth  is  characteristic  fact 
that  the  nucleus  of  constant  tass  passes  through  the  cell  while  the 
apparent  additional  Bass  it  fens  around  the  jet  locked  circulation 
of  air  particles.  Resistance  cf  cell  consists  of  energy  losses  of  the 
nucleus  of  constant  aass.  The  latter  are  ccapcsed  of  two  parts: 

1)  difference  in  the  supplies  cf  energy  of  the  nucleus  of 
constant  aass  in  the  beginning  and  at  the  end  of  the  cell; 

2)  energy  losses  of  the  sudden  coapression  of  the  nucleus  of 
constant  mass  with  its  inflow  into  slot  3. 

Ifcat  us  examine  each  of  the  coaposifce/coapound  component  parts  of 
resistance  of  labyrinth  separately.  Per  this  the  circular  fora  of 
labyrinth  let  us  replace  with  flat/plane  *. 

FOOTNOTE  a.  The  width  cf  latyiinth  ring  is  always  so  saall  in 
ccaparison  with  its  diaaeter  that  without  any  doubts  the  annular  slot 
can  be  replaced  with  flat/plare.  ENDPCOTNOTE. 

In  this  case  we  will  deal  concerning  the  studied  above  flat/plane 
free  jet.  Relative  energy  lessee  in  the' initial  section  of  the 
nucleus  of  the  constant  aass  cf  slot  jet  are  equal  (see  foraula  106)  ; 
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In  this  case:  s  -  length  cf  the  cell  (chan ter/caaera)  of 
labyrinth;  b0  -  the  half-width  of  slots  1  and  3;  *<?„  -  energy  loss 

in  the  portions  of  the  kinetic  energy  of  jet  in  slot  1. 

In  the  region  of  basic  section  the  decrease  cf  energy  of  the 
nucleus  of  constant  aass  comprises  (see  formula  105)  : 

Ae.-l-e.  1 - •  (Hi) 

I  £+*« 

Coefficient  .4:.  =/,  (•;,)  is  determined  free  table  5  ory^3,  where; 

?,,=/,  (.4.). 

In  this  case,  accordingly  fcriula  (101); 

0,833 

a.S  -  -0,41 

0,\ 

If  the  length  of  labyrinth  cell  dees  not  exceed  the  length  of  the 
initial  section  of  jet  (aS/b  o^l*  03)  ,  then  should  be  used  formula 

(140) .  Otherwise  (aS/bo^1.02)  it  is  necessary  to  resort  to  formula 

(141) ,  the  order  of  the  use  ct  which  is  in  detail  presented  in  §  9  of 
this  work. 

Page  75, 


The  second  part  of  resistance  of  labyrinth  (input  resistance 
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into  slot  3)  can  be  deterained  according  tc  the  known  from  the 
hydraulics  eapirical  fcraula  cf  sudden  jet  contraction: 


(142) 


In  this  foraula:  -  resistance  of  the  sudden  contraction  of  flew, 

expressed  in  the  portions  of  the  kinetic  energy  in  the  narrow  part 
(in  slot  3)  ;  «cp  -  the  average  speed  of  flew  before  contraction;  uD  - 
the  average  speed  of  flow  after  contraction.  Value  “cp  is  deterained 
in  the  theory  of  jet.  Let  us  recall  that  the  discussion  deals  with 
relative  value  of  average  according  to  the  flow  rate  of  the  velocity 
in  the  nucleus  of  constant  aass,  which  in  the  initial  section  is 
deterained  by  foraula  (10  8)  : 


“co  =  1  — 0,16- 


(.143) 


and  in  the  basic  section  -  by  fcraula  (107): 


ttcr 


1,2 


aS 

b„ 


t-  0.41 


•4. 

A, 


Here: 


j  _ _  0,833 _ 

i  'f--' 

-4;  =/,  (?,); 


Therefore  in  the  basic  secticr: 

“cp  =l,44-.4..  (144) 

U  »J 

The  coaplete  coefficient  of  resistance  of  the  cell  of  labyrinth, 
which  expresses  energy  losses  in  the  portions  of  the  kinetic  energy 
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ft/ 

in  slot  1,  is  equal  to  the  sub  cf  coefficients  ±e  and  . 

5  =  —  ±eH.  (145) 

In  the  liaits  of  tha  initial  section  where  aS/bo{1.03,  drag 
coefficient  coaprises  [see  formlas  (140),  (142),  (143)]: 

?  -  *<,  +  =  0.275  •  f-  +  0,0128  •  |-*£  J  •  (,146 1 

In  the  basic  section  when  aS/ho2.1.03,  drag  coefficient  is  equal  to: 

5=1 - 1|7,-'-* - -0,3  jl  —  1,41-.4.|:.  .147) 

V  \  -0M 

Page  76. 

If  the  length  cf  the  cell  of  labyrinth  is  equal  to  the  length  of 
initial  section  (aS/b0=  1.  03)  cf  slot  jet,  then  in  the  equal  measure 
are  suitable  both  of  formulas. 

In  this  case: 

c'  =  ;  =  0,3. 

^n  order  to  simplify  the  use  of  formula  (147),  let  us  recall  the 
rational  order  of  the  calculations: 

F»  ,  0.833 

ron  condition  Ai  —  —  — find  value  A,1. 

1  v-wl 


FOOTNOTE  1 .  Values  A  select  ir  accordance  with  the  data  of  §  6  (just 
as  during  the  calculation  cf  slct  jet) .  ENDFOCTNOTE. 
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2)  On  Table  5  or  Pig.  34  they  determine  and  also 

A'7S(?.)  “j  •*=•  /]_(?„)• 

3)  Substituting  values  A2  and  A3  into  formula  (144),  they 
calculate  the  drag  coefficient  cf  labyrinth. 

Pig.  43  depicts  the  dependence  of  resistance  of  the  cell  cf 
labyrinth  on  its  relative  length: 

H:  *'S  , 

l), 

Very  closely  to  the  curve  Fig.  43  are  arranged/located  the 
experimental  points,  obtained  by  K.  V.  Chebysheva  in  the  ventilator 
laboratory  of  TsAGl  *. 

FOOTNOTE  2.  K.  V.  Chebysheva.  Investigation  of  the  model  of  labyrinth 
seal.  It  is  printed  in  tech,  nctes  cf  TsAGl.  ENDFCOTNOTE. 

It  is  interesting  to  focus  attention  on  the  fact  that  during 
working/treatment  of  experiments,  we  accepted  a=0.11,  i. e. , 
introduced  no  corrections  for  jet  deflection  in  the  labyrinth  frcm 
the  jet  in  the  unlimited  space.  As  is  evident,  in  the  experiences  of 
TsAGl  the  cell  of  labyrinth  was  roomy  3. 


PCOTNOTE  3.  In  the  experiences  cf  TsAGl  the  half-width  of  cell  was 
equal  to  10  half-widths  of  slot  1,  and  the  length  of  cell  was  varied 
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in  the  Units  =(0-23)  bo.  ENDPCCTNCTE. 


Let  us  note  that  with  a  snail  half-width  (1)  of  the  cell  when  it  is 
less  than  the  half-width  cf  free  jet,  fornula  (146) -(147)  resistances 
of  labyrinth  seal  are  unsuitable*  In  this  case  the  jet  will  fill  all 
the  section  of  cell,  and  enercy  lcsses  will  consist  of  losses  by 
shock  during  the  sudden  eipansicn  of  jet  and  during  its  subsequent 
contraction : 


— 1,5- 


w.  1 


(14S) 


Here  ut  -  velocity  in  the  cell  with  the  continuous  filling  of  its 
section  with  airflow. 


Thus,  before  calculating  labyrinth,  should  be  deternined 

relative  value  of  the  half-width  cf  the  free  jet 

-*rp=  2.4-  —  1 

b„  0„ 

and  then,  if  it  seens  that 

t> rp  i 

b\>  K 

to  resort  to  fornula  (148). 


Page  77. 


But  if  it  is  obtained: 

$rp  ‘  /  \ 

/>.,  "  b, 

then  should  be  utilized  fcrnulas  (146)  and  (147). 
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3.  External  resistance  of  the  corridor  bank  of  tubes. 

Air  flow  in  the  corridor  bean  of  ducts  (Pig.  44)  has  auch  in 
coanon  with  the  disaantled/selected  above  flow  at  the  labyrinth. 

Proa  slots  1  in  first  rue  cf  pipes  escape/ensue  the  air 
filaaents  and,  being  expanded,  they  are  spread  in  the  between-row 
space.  Here  to  the  basic  nucleus  of  streaa  are  aixed  apparent 
additional  aasses  froa  the  shadow  regions  *. 

FOOTNOTE  l.  Shadow  we  call  the  regions,  situated  after  the  tubes  cf 
bundle.  ENDFOOTNOTE. 

Flowing  to  the  slots  of  second  run  cf  pipes,  streaas  are  split.  In 

this  case  basic  nucleus  is  passed  in  the  second  series/row  of  tubes, 

and  apparent  additional  aass  foils  the  locked  air  circulation  in  the 

shadow  regions.  The  scheaatic  cf  flew  in  the  second  and  subseguent 

between-row  spaces  almost  in  rc  way  differs  froa  the  diagram  of  the 

first  between-rew  space.  Deviation  consists  only  in  the  fact  that  the 

turbulence  of  flow  after  each  subsequent  series/rew  is  somewhat  sore 

than  after  preceding/previous.  Is  explained  this  by  the  intense 

agitation  of  free  streaas  in  tke  between-row  spaces.  The  ducts  of 
corridor  bundle  are  usually  rectilinear;  therefore  the  described  free 


jets  can  be  considered  flat/plane 


Pig.  43.  Dependence  of  the  drag  coefficient  of  the  cell  of  labyrinth 
on  its  rela tiwe  length. 


Fig.  44.  Plow  diagraa  in  ccrridcr  bank  of  tabes. 


Page  78. 


The  resistance  of  the  between-rew  space  of  cocridor  bundle  oust  be 
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defined  just  as  the  resistance  cf  the  call  of  labyrinth,  vith  the 
only  the  difference,  that  because  of  the  cylindrical  fora  of  tubes, 
the  compression  of  the  nucleus  cf  ccnstant  mass  at  the  end  of  the 
between-row  region  (before  the  subsequent  series/row  of  tubes)  will 
be  smooth  and  resistance  frca  jet  contraction  virtually  will  fall. 


Thus,  the  drag  coefficiect  of  between-row  space  is  equal  to 
relative  energy  loss  in  the  nucleus  of  the  constant  mass  of  slot  jet 

at  the  length  of  the  between-ccw  space: 

?  =  (149) 

When  the  length  of  betweet-rcw  space  does  not  exceed  the  length 
of  the  initial  section  of  the  jet  [see  foraula  (106)  ]  we  will  have: 

$'  =  0,275  (ICO) 

0ft 

Here  S  -  longitudinal  distance  between  the  neighboring  series/rows; 
b0  -  half-width  of  the  transverse  between-row  space  is  longer  than 
the  initial  section,  then  [see  formula  (105)]: 


\ 


(151) 


noreover  value  A3  is  deterained  as  fellows: 


1)  Through  foraula  A  = 


0,833 


V 


aS 


-t-0,41 


we  find  At. 


2)  On  Table  5  or  fig.  33,  we  find 


A  Mi),  an<3  th®n  /,(?.). 
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ia  aaphasize  that  the  values  of  the  coefficient  of  jet  structure 
a  in  different  between~raw  spaces  are  dissiailar.  in  the  first  space 
at  it  corresponds  to  usual  slct  jet  (at3ao=0. 11 ) . 

In  the  second  space  a2>at,  since  here  flow  is  additionally 
created  turbulence  due  to  the  free  flow  in  the  first  space. 

In  the  subsequent  spaces: 

a*  >«* 

ai^>a*  (Kt\ 4.  eVu 

However,  already  beginning  frea  the  third  space,  flow  is  so  created 
turbulence  that  its  subsequent  agitation  hardly  will  be  able  to 
increase  substantially  value  cf  a.  In  ether  words,  it  is  possible  to 
expect  that: 

a.J  =  at  =  ai=. .  alaA  etc. 

One  should  also  indicate  the  fact  that  values  a 2,  a3,  a4  ...  depend 
not  only  on  the  agitaticn  of  flew  in  the  preceding/previous 
beiween-row  spaces,  but  also  cn  its  deturbulizaticn  during  the 
compression  of  jet  in  the  clearances  cf  each  run  of  pipes  *. 

POOTHOTE  1 .  See  G.  N.  Afcraacvici.  The  "principles  of  the  aerodynamic 
design  of  collector/receptacle".  Transactions  of  TsAGl  iss.  231. 
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Moscow  1935.  ENDFOOTNOTE. 

Quantitative  estimate  of  the  magnitude  a2,  a3#  a4  ...  extremely 
hinders  by  the  absence  at  cur  disposal  of  the  corresponding 
experimental  material. 

Page  79. 

Let  us  attempt  to  nevertheless  give  the  tentative  analysis  of  the 
resistance  of  the  corridor  bank  of  tubes  based  on  one  particular 
example  in  which; 

1)  the  longitudinal  Fitcfc  (between  the  series/rows)  of  the 
bundle; 

5  =  4 

where  b0  -  half- width  of  transverse  clearance; 

2)  transverse  pitch  (between  the  ducts  of  one  series/row) ; 

3)  the  coefficient  of  the  structure  of  slot  jet  -  a0  =  o.  11. 

The  analysis  of  experiierts  of  Syrkin  shows  that  in  the  jet 
after  the  lattice  of  ducts  coefficient  a,  appro ximately/exemplarily, 
is  1.5  times  more  than  usual.  Therefore  for  calculating  all 
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between-row  spaces  of  bundle  %e  accept; 

a  =  1,5-flft  Ss0,17. 

Thus,  the  relative  longitudinal  pitch: 

aS 


A. 


=  0,68  <  1,0:5. 


Drag  coefficient  of  one  betveen-rcw  space: 

V  =  0,275-0,68  =  0,187. 

In  all  in  by  five-dowlas  bundle  are  four  between-row  spaces.  Their 
total  resistance: 

4  -l'  =0,75. 

Purtheraore,  on  leaving  fro*  the  latter/last  series/row  flow  is 
expanded  and  fills  all  the  section  cf  channel.  Therefore  in  the 
latter/last  series/row  cf  bundle  are  observed  the  energy  losses  to 
the  shock: 

5»=(>- 

Thus,  the  coefficient  of  total  drag  of  the  bean: 

I;  =  4-5' +  0,25  =  1,0. 

According  to  experiaents  cf  Beiber  1  for  the  corridor  bundle  of  the 
selectad  conf ignrations  it  is  obtained: 

25=1,0-  U. 


FOOTNOTE  H  Reiher.  Waraeubsrgang  von  stronender  Luft  an  Rohre  und 
Rfthrenbundel  ia  kreuzstroa.  Per schungsar beiten  auf  den  Gebiete  des 
Ingenieurwesens  herausgegeben  vea  %  D.  I.  Heft  269.  ENDPOOTNOTE. 
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As  we  see,  our  rough  estimate  can  be  considered  successful.  Let  us 
note  in  conclusion  that  witbcct  having  available  a  sufficient 
experimental  material,  we  cculd  not  the  aerodynamic  analysis  of  the 
bank  of  tubes  bring  to  the  end/lead,  and  therefore  presented  should 
be  examined  only  as  the  attempt  to  develop  the  physically 
substantiated  calculation  method. 

4.  Sara  and  cold  airst reams. 

Frequently  with  the  ventilation  and  the  hot-air  heating  of 
construction  constructions  they  resort  to  the  forcing  into  the 
locations  of  cold  or  warm  airstreams.  The  trajectories  of  the  air 
jets,  which  escape  into  the  air  medium  of  another  density,  cannot  be 
rectilinear. 

Page  80. 

Cold  jet  due  to  surplus  density  attempts  tc  be  dxcpped/omitted  dcwn. 
On  the  contrary,  warm  jet  is  displaced  by  surrounding  air  upward. 
Thus,  the  laws  of  the  rectilinear  propagation  of  the  free  flow  are 
net  completely  applicable  tc  the  warm  and  cold  airstreams,  since  in 
this  case  appear  the  bendinc  flew  gravitational  forces.  It  is 
necessary  to  note  that  the  problem  about  the  curvilinear  jet  was  as 
early  as  1934  set  by  V.  7.  Gaturin  1  which  it  sclved  it  on  the  basis 
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of  the  empirical  data  about  the  rectilinear  jet. 

FOOTNOTE  *.  See  V,  V .  Baturin  and  I.  A.  Shepelev.  Approximate 
determination  of  the  trajectory  cf  air  flow,  "heating  and  the 
ventilation"  of  No  9,  193«.  E l CFGOTNOTE. 

In  this  example,  with  the  aid  cf  the  theory  of  jet,  we  will  derive 
the  approximate  equation  cf  the  aercdynaaic  axis  of  circular  jet, 
which  is  bent  by  gravitat icna 1  forces  2. 

footnote  2.  Just  as  in  the  case  cf  air  curtain,  we  replace  the 
problem  about  the  jet  of  the  approximated  ty  the  problem  about  the 
aerodynamic  axis  jet.  ENDFOCTKCTE. 

For  this  let  us  assume  that: 

1)  £ntire  flow  mass  is  mcved  with  the  average/mean  according  to 
the  flow  rate  velocity. 

2)  Initial  jet  direction  is  horizontal.  In  this  case  the 
horizontal  component  of  the  velocity  will  be  equal  to  average/mean 
according  to  the  flow  rate  cf  the  velocity  of  rectilinear  jet  (urp). 
However,  vertical  component  cf  velocity  (^cp)  will  be  determined  by  a 
difference  in  the  specific  gravity/weights  in  the  j9t  and  in  the 


DOC  =  81037605 


PAGE 


environment. 

3)  By  the  centrifugal  forces  which  are  caused  by  the 
curvilinearity  of  jet,  it  is  disregarded. 

Problem  we  will  solve  in  the  rectilinear  coordinate  systea.  Y 
axis  it  is  directed  vertically  upward.  X  axis  -  it  is  horizontal, 
with  the  flew. 

"J*he  origin  of  coordinates  consistent  with  the  center  cf  initial 
jet  cross-sectional  area  (Tig.  45). 

Let  us  select  the  arbitrary  element/cell  of  jet  dx  with  abscissa 
x.  On  this  eleaent/cell  will  act  the  lift,  equal  to  the  product  cf 
its  volume  to  a  difference  in  tte  specific  gravity/weights: 

^  —  Y  ,-p  j  •  F-  t.K. 

Here  ~,u  -  specific  gravity/weight  of  surrounding  air;  -  average 
specific  gravity/weight  cf  the  element/cell  of  jet;  P  -  sectional 
area  of  jet;  dx  -  thickness  of  the  element/cell  of  jet. 

Porce  P  will  cause  the  vertical  acceleration: 

<tV cp  P 

dt  At  ’ 

where  F  dx  ~  mass  of  the  selected  element/cell  of  jet. 
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Thus, 


flif 


the  vertical  acceleration  cf  jet  is  equal 


JV'P_  _ 


lit 
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Fig.  45.  Bending  of  jet  by  gravitational  forces. 


Page  81. 


Pressures  in  the  jet  and  cut  cf  the  jet  are  identical;  therefore 
specific  gravity/weights  are  inversely  proportional  to  the  absolute 
temperatures: 


whence 


•ita 

v 

IC|» 


rM  * 


>lv cp  _  A7",p 

dt  ~g'  7jt.  ' 


(152) 


In  this  expression:  g  -  acceleration  of  gravity;  A 7'cp  =  rcp  —  TtU  ~ 
excess  temperature  of  jet  in  section  x;  -  absolute  temperature  of 
surrounding  air. 


Horizontal  jet  velocity: 


dx 

dt  ~"cp' 


A  7'cp 
L.. 


dx 

//cp 


therefore 
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Introducing  into  this  expression  the  initial  velocity  of  jet  (uQ)  and 

initial  excess  temperature  (\T„z=T^—Tllt),  we  obtain: 

(tv  "■>  ,lx 

avcj,  —  £•— rT-*  r  '  .  * 

•  o  '  au  Wcp  U{J 

In  §  7  it  is  shown  that  the  fields  cf  the  excess  temperatures  of  free 
jet  are  similar  the  velocity  fields: 

±T,p  Hc„ 

Ar„  ~  • 

Thus,  we  have: 


Jvtp=g.*£i L. 

/  au 


Vcp—gm  Ta 


at;, 


X 

«« 


dx 

«* 

■f^i- 


In  the  beginning  of  jet  when  jc  =  0 :t>cp  =  0,  i-e.  ct=0,  thank3  to  which 
the  formula  of  the  average/aean  vertical  velocity  appears  as  follows: 


g  .  —  —9~ 
«,i  u-  '  7'aU 


(.153) 


Attempting  to  simplify  the  following  linings/calculations,  let  us 

introduce  the  relative  coordinates: 

x--*  ■ 

-  /?o~’ 

v—  a-y 

-  ~  R~  • 


Then  the  vertical  velocity: 

?*p._  1  g-fk  A7:, 


H- 


•  a;. 


(154) 
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Prom  the  point  of  view  of  average/aean  according  to  the  flow  rate 


horizontal  speed,  the  jet  one  should  break  in  the  initial  and  basic 
sections. 


In  the  initial  section  [see  f crania  (106a)  ]: 


ep  _ 


1 


««  1+0,76-x— 1,32-x* 

In  the  basic  section: 

Ucp  _  0,45 

«b  “  a:  — 0,29  ' 

As  is  known, 

dy  _  «ep 


(155) 

(156) 


dx 


'cp 


(157) 


Therefore,  having  available  fcriulas  (154),  (155)  and  (156),  it  is 
possible  to  coapose  the  differential  equation  of  the  aerodynamic  axis 
of  free  jet,  which  is  bent  by  gravitational  forces.  Let  us  comprise 
and  will  solve  this  equation  fcr  the  initial  section  of  the  jet: 


#  _  1  g-R, 


v  =  J-  .  ilBa  .  i 
a  «0 


2---  ~--x-  1  —  0,76-x  -  1,32 x\'; 

*  ata 

•  [j'x-djc-J-  1 0,76  •  x'  ■  dx  —  j  1 ,32  •  x*  •  dx  —  Cj  ].■ 


After  producing  the  necessary  linings/calculations,  we  will  obtain: 

y1  —  k  *x*  •£ 0,5  0,25 -x  —  0,3 ‘X-  -i-  r.]r 


where 


i  g-R  o 


However  with  x=0: 

y  =  0,  ».  e.  r.=0. 

Thus,  the  equation  of  the  axis  cf  the  initial  section  of  curvilinear 
circular  jet  takes  the  fcllcvdtc  form: 

y  —  k  ■  x‘  •  [0,5  -f-0,25  •  x  —  0.3  •  xs].  (158) 
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Kt  the  end  of  the  initial  section  where  x0=a*x0/R0=Q.67: 

3?o  =  0,36  •  *. 

Let  us  comprise  and  will  solve  rev  eguaticn  for  the  basic  section  of 
the  j9t: 

-p-  —  2,22  k-x.Kx  - 0,29  : 
ix 

y  =  k .  [0,32  ■+.  0,67  -  *  -f  e  ,J. 

Integration  constant  c3  can  be  determined  froe  that  condition  that  in 
transient  jet  cross-secticnal  area  (x„=0.67): 


whence 


y»  —y<> — o,36  •  k, 
cx  —  o. 
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The  equation  of  the  axis  cf  tfce  basic  section  of  the  bent  jet  takes 
the  following  form: 


y  =  ftx,[0,32-f-O,74-xJ. 


(159) 


Let  us  recall  that  in  equatica  (159)  just  as  in  equation  (158), 
accepted  the  designation: 


JL.  #  ST* 

a  '  «*  '  Tt u 


(160) 


is 


The  examined  by  us  case  of  curvilinear  jet  is  determined  by 
interaction  of  gravitational  fctces  and  forces  of  inertia  of  the 
moving/dr iving  jet.  From  the  theory  of  aercdynaaic  similarity  it  is 
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known  that  in  this  case  air  flew  oust  be  characterized  by  the  special 
similarity  criterion  which  is  called  the  criterion  of  Fronde: 


,g-l 


Here  g  -  acceleration  of  gravity;  1  -  linear  dinension;  u*  -  square 
of  velocity. 


Scrutinizing  into  equality  (160),  we  and  actually  detect  in  it 
as  the  factor  Froude's  critericr: 

u 1 

0  —  _  7°  . 

0  g-R.  ' 

in  other  words. 


(161) 


*= — • 


(162) 


In  conclusion  we  recoaaend  the  following  order  of  the 
deteraination  of  the  trajectory  cf  the  warn  or  cold  circular  jet: 


1)  knowing  initial  velocity  (u„) ,  initial  teaperature  (T„)r 
teaperature  of  surrounding  air  (riu)  and  coefficient  of  jet  structure 
(a),  we  compute  Fronde’s  criterion:  • 


and  the  parameters: 


ALl- 

r.u  “ 


*  = 


_j _ 

T'ati 


2)  He  find  abscissa  and  ordinate  of  transient  jet 


cross-sectional  area: 
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Page  84. 

3.  He  are  assigned  by  different  values  of  z  and  coapute  values 
of  x=a«x/H0.  Further,  through  equations  (158)  and  (159)  we  find  the 
appropriate  values  of  y.  In  this  case,  if  %£0.67,  then  is  utilized 
equation  (158),  but  if  x>0. €7  -  equation  (159). 

4.  Finally,  from  conditicr  y=a»y/R„  «e  obtain  unknown  values  y 
and  we  construct  curvilinear  axis  of  jet: 

:>=/<*)• 

For  the  cold  jet  when  ATo<0,  we  obtain  the  negative  values  of 
ordinates  -  jet  will  be  bent  downward.  At  the  saae  time  for  warm  jet, 
in  which  ATo>0,  will  be  discovered  the  bending  of  jet  upwards. 


The  use/applicaticn  of  theory  and  aerodynamic  design  of  free  jet 
is  by  far  not  contained  by  the  disaantled/selected  above  examples. 
With  the  aid  of  the  theory  cf  jet  it  is  possible  to  conduct  the 
calculations  of  the  flames  cf  combustion,  the  calculations  of  the 
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effectiveness  of  the  through  ventilation  of  industrial  shops  and  eany 
ethers,  without  having  the  capatility  in  the  Units  of  this  work  it 
will  stop  at  all  these  problems,  it  will  hope  for  the  fact  that  they 
will  serve  as  the  theees  cf  farther  investigations. 
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supplement. 

Calculation  of  the  expanding  turbulent  flow  ». 

POOTSOTE  1 .  w,  Tollmien  "Bereckntrg  turbulenter  Ausbreitungsvorgange" 

Z  ARM  Bd  6.  left.  6.  192€.  EHDICCTHOTB. 

9.  Tollaien. 

II.  Expansion  of  jet  as  two-d iaensional  problem  *. 

FOOTNOTE  *.  Is  given  below  the  translation/conversion  of  the  2nd  and 
3rd  chapters  of  the  article  cf  Tclliien,  used  by  the  author  of  this 
work.  The  translation/conversion  of  the  1st  chapter  is  given  in 
appendix  I  to  the  investigaticc:  G.  s.  Abramovich.  Aerodynaaics  cf 
flow  in  open  wind-tunnel  test  secticn.  H.  1,  the  transactions  of 
TsAGI,  iss.  223,  1935.  ENtECClSCTE. 

Proa  the  wall  through  the  rarrcw  slot  which  during  calculations 
can  be  replaced  with  line,  ensues/escapes/flows  out  the  airstreaa  and 
is  aixed  with  the  surrounding  stagnant  air. 
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If  we  consider  that  in  tie  jet  rules  the  pressure,  equal  to 
external,  then  utilizing  a  theorem  cf  noaentua,  it  is  possible  to 
produce  separation  of  variables.  As  the  variable/alternating  let  us 
again  use  x  and  *). 


As  a  result  of  the  press  ore  constancy  iapulse/moaentun/pulse  in 
the  direction  of  x  axis  aust  retain  constant/invariable: 

«+•  X 

\  u*- fly ■=. const. 

—  X 

Assuaing/setting 


1 13d) 
(13b) 
(13c) 


Now,  as  in  §  1,  it  is  possible  to  coapose  the  differential 
eguation  which  in  this  case  alsc  is  integrated.  The  sane  intermediate 
integral  it  is  possible  tc  cttain  directly  from  the  theorem  of 
momentun.  If  we  conduct  ccntrcl  surface  in  the  manner  that  this  is 
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done  in  Fig.  8,  then  through  its  lower  boundary  will  be  transferred 
iapulse/aoaentua/pulse  p«u*v;  froa  opposite  side  will  occur  a  change 
in  the  iapulse/aoaentua/pulse : 

d 

Page  86. 


As  the  external  force  will  act  turbulent  shearing  stress 

-  ...  0u  du 

wrw 

Thus,  appears  the  following  relaticnship/ratio: 

Hence  we  obtain  equation  for  F(rfc 

2.c'-[r)~F.F>.  (14) 


(It  usefully  fcr  positive  values  tj;  the  distribution  of  the 
velocities  in  the  region  cf  negative  ones  r4  is  obtained  as  the 
airror  inage)  . 


Introducing  the  appropriate  scale  for  t),  simplify  the 
differential  equation: 

[5"]5  =  F.P.  (14a) 

The  order  of  this  differential  equation  can  be  lowered,  if  to 
introduce  new  dependant  variable  r=ln  P,  otherwise  F=eJ.  Then  we 
obtain  [z"*(zf)2]  *=z*  and,  after  assuaing  z*  =  Z,  let  us  arrive  at  the 
differential  first-order  equation: 


z  =  ~r--\rz. 
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The  solution  of  the  initial  equation  is  fulfilled  after  this  only  by 
means  of  the  quadratures  and  taking  the  logarithm. 


The  following  conditions  Bust  be  carried  out:  when  t,  =  o  (axis  of 
jet),  v=0,  i.e.,  F~e:  =  0.  Since  u-P'^z**  e:  when  T(  =  o  does  not 

become  zero,  then  z*  when  v;  =  0  is  equal  to  infinity  of  the  same  order 

as  as  1  Kith  the  changed  scale  fcr  t;0  =  o  we  obtain  also: 

e 

F=Q  n  5a) 

and 

^=1-  (15b) 


Thus,  are  established/installed  two  conditions  for  z  which  are 
sufficient  for  the  differential  second  order  equation.  From  the 
boundary  condition  u=0,  i.e. 

z’  =  Z  =  0  (16) 

for  boundary  r(  is  determined  walue  ^ 


Prom  equation  (14)  it  is  obtained  after  the  integration: 
i)  =  c—  3  |ln(V'Z-f1)-ln((Z-V  Z  +  l)'*) ^-V3- arctg 0") 


•i  —  *  2  **  ~r  —  111  iv*-  v  ^  */  j  ~  v  v  y\j  y  v  - 

fro«  condition  for  *1  =  0  *e  find  integration  constant  c: 


0  =  c— J-.r3.  -2  . 


whence 


Condition  (16)  Z=0  when  n,  it  gires: 

2  ,  -  .  /  1  \ 


V,1  3 •  arctg j  —  2,412. 
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Ia  order  to  coapletely  satisfy  condition  (15),  it  is  necessary  to 
investigate  the  behavior  cf  differential  eguation  (14)  when 
t|=  c,  Z  —  Q.. 


Since  equation  (17)  in  this  region  is  not  applicable,  then  let 
us  fora  an  equation  in  the  new  fcra,  suitable  for  1  =  0,  2-x.  It  is 
obvious  that  with 


r 


Consequently  with  rt  =  o 


and 


2  —  In  tj  -f-  c, 
t  =  z'  -e:  —  c  . 


from  condition  (15b)  we  find  in  this  case  latter/last  integration 
constant  ct=0.  On  the  basis  of  the  given  modification,  we  obtain  as 
the  asymptotic  approxiaaticn/ap {roach  when  r,  =  0: 


and 


F/0  20/4 
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The  quality  of  asymptotic  appro jimation/apFroach  (18)  it  is  easy  tc 
judge  by  means  of  its  ccmpariscr  with  precise  equation  (17)  in  that 
region,  in  which  both  of  forms  cf  equation  are  suitable.  The  way  of 
calculation  following:  they  calculate  according  to  formula  (17)  r\(Z) 
and  at  the  sane  time  'Z(rli—z'(n)  and  they  obtain  hence,  for  example, 
by  graphic  integration,  z ir().  Ecrecver  in  the  region  near  t|=0,  x,=.ooij 
utilized  above  obtained  asymptotic  approx inat ion/approach. 

Hence  by  taking  the  logarithm  and  multiplication  we  find  F=e 
and  F'  =  z,‘e’. 


III.  Expansion  of  jet  as  the  prcblem  of  axial  symmetry. 

The  corresponding  problem  with  the  axial  symmetry  in  which  also 
the  jet  escape/ensues  from  the  very  eyelet  within  the  wall,  it  is 
permitted  by  accurately  the  same  method  as  two-dimensional  problem. 

Assuming  that  the  pressure  in  the  jet  is  constant,  then: 

T  65 

2  r..  j  u^  y-dy  ~  const, 

—  ® 

whence  we  obtain  expression  fcr  u: 


After  assuming 

let  us  find 


It  —  1  •  f  I  T|). 

X  ■ 

I  /  (Ti) •  7) •  dr,  ~  F  iTt i. 
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F'  F 
x  x  ■ 


Exactly  as  in  two-dimens icnal  problem#  on  the  basis  of  the 
theorem  of  aonentaa  or  integrating  equation  of  notion#  we  obtain  the 
differential  equation: 

==/7/r’'  n9) 

Introducing  the  changed  scale  fcr  r„  we  simplify  this 
differential  equation: 

I^F" — ~j‘=  F-r.  (19a) 

By  means  of  the  replacement 

z  =  ln/r,  F=e\ 

and  finally#  introducing  Z=r/,  we  obtain  differential  first-order 
equation: 

Z'  =  —  —  Z-  —  \Z.  (20) 

In  this  case  we  have  available  the  following  conditions  with  r,~u.  u 

t  Ff 

does  not  disappear#  when  v=0;  i.e.  F(0)  —  e "’*  =  0,  vihv\e, —  remains 

’i  ri 

finite  quantity,  also#  with  the  changed  scale  to  equal  1. 

Satisfying  these  conditions,  it  is  possible  zy ijj  near  *1  =  0  to 


con cl uded 


•12  1-  — 


present  in  the  ferm  of  series/tew.  In  order  when  *i  =  0:e:^=0,  2 


must  be 
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equal  to  negative  -v  and  besides  to  the  same  degree  as  In -»j=;  in  this 
case  ^  acquires  finite  value.  Because  of  this  we  obtain  the 
following  series/ro*  in  which  adjacent  tens  differ  on  ij '*• 

Z—  2  -f<*  l  n  —  (21) 

Coefficients  are  established/inatalled  by  leans  of  the  substitution 
of  this  solution  in  the  differential  equation  and  the  conparison  of 
teres  with  the  egual  degrees: 


a  =  — 


y^-.a-  37  . 

1715’  240100’ 


/ 

*  =  0,000014... 


The  convergence  of  this  series/row  near  the  jet  boundary  (z — 0) 

very  bad;  however,  it  is  possible  to  give  such  eodificaticn  which  is 
conveniently  applied  in  region  t),p. 

LeT 


and 


then 


■  =  a  ■  7i-  -f-  b  •  r?  -j- 1- .  ir*  4-  d  •  f  *  •  r,«  -~f  • 


b~- 


■I-P 


;  c  = 


64T)-- 


d  = 


1 

64 


128-^ 


;  *  = 


19 


ip 


133 


256  •  5  •  T \ip  256  •  40  •  r*!f)  ’ 


0.00278  , 


% 


% 
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Integration  constant  *  can  be  determined  via  comparison  at  the 
fixed  point  of  values  z  which  are  kncvn  of  both  of  solutions. 


There  is  obtained 
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